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ABSTRACT

Phase 1 showed the feasibility of developing a current limiter using vacuum arc
current commutation. In concept, the electrodes of a vacuum device would be
separated during the fault current rise, and the subsequent application of a
transverse magnetic field would cause the arc current to commutate into a parallel
capacitor and ultimately into a parallel current limiting resistor. The feasibility
of commutating at arc current levels to 8.5kA was demonstrated. However, the
parallel capacitance was prohibitively large at 300yF.

The objective of Phase 2 has been to increase the commutation current of a single
72kV device while also reducing the value of the parallel capacitance. The program
has been largely experimental in nature, although a parallel theoretical effort

has provided device and circuit guidelines. A total of 14 prototype vacuum devices
were designed; built and evaluated, and the major parameters varied were device
geometry, characteristics of the parallel circuit, electrode actuation speed,
waveshape of the applied transverse magnetic field, point on wave of electrode
separation, and the use of series connected vacuum interrupters. Progress can be
determined by comparing the commutation levels with Phase 1. For the earlier 15kV
circuit, the commutation level increased to 14.5kA for a parallel capacitance of
50uF. In particular, commutation levels of 12kA (50uF) were observed in circuits
where the transient recovery voltage of 50kV approximated the transient associated
with a 72kV circuit. Here, the necessary conditions of rapid electrode separation
were approximated by actuation to 2cm in 1.4ms. Analysis involving assumptions
about the actuator and sensor characteristics indicates that the present device
could reduce by half the fault currents associated with 72kv/10kA and

possibly 72kV/15kA circuits. A Phase 3 program is recommended aimed at further
tmproving the device performance, and in particular at developing a concept for a
145kV fault current Timiter.






EPRI PERSPECTIVE

PROJECT DESCRIPTION

As power systems grow, short-circuit currents also grow, which increases the
stresses on the system and the cost of newly installed equipment. In addition, it
can overstress existing equipment, necessitating costly change-out. This Phase 2
report describes the progress made in the development of a device that would limit
the magnitude of short-circuit current in the event of a fault. It was preceded by
EPRI report EL-393, which described the Phase 1 effort; it is expected that another
report will be issued at the conclusion of Phase 3.

PROJECT OBJECTIVES

The goal of Phase 1 of this project, which started in July, 1975, and culminated in
December, 1976, was to demonstrate the principle of vacuum arc fault current
commutation. This was achieved at modest current and voltages (i.e., 8.5 kA and

15 kV) but required a prohibitively large parallel capacitor (300 uf). The
objective of Phase 2 was to increase the current that can be commutated while
reducing the amount of capacitance required to 50 uf or less, and to do this under
conditions which simulate a practical 72-kV circuit. The period of Phase 2 was from
January, 1977, until June, 1979.

PROJECT RESULTS

The goals outlined for Phase 2 were achieved. The parallel capacitance required was
reduced to 50 uf, and the current commutation level was increased to 14.5 kA at
voltages representative of a 72-kV application. An important feature of this
concept is that it operates much 1ike a conventional circuit breaker, i.e., it is a
multishot device that does not require a bypass switch. The concept should also
prove useful for dc circuit breaker applications.



Phase 3 has as its goal a further increase in performance and a conceptual design .
for a prototype 145-kV device that can be used to evaluate device application and
cost. Phase 3 is expected to be completed in May, 1980.

J. W. Porter, Project Manager
Electrical Systems Division
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SUMMARY

There is a stated need by the Electric Utilities for fast acting current Timiting
devices which insert appreciable impedance into power circuits. Insertion of this
impedance during the initial rise of fault current reduces the fault current peak,
and simplifies the interruption requirements of conventional circuit breakers.
Reduction of the fault current peak also reduces the electromagnetic forces which
would otherwise damage circuit components such as power transformers. line traps,
bus structures, disconnect switches, and breakers.

In a program with the Electric Power Research Institute, we are developing a current
Timiter using vacuum arc current commutation. We are presently reporting our
progress in Phase 2 of this program which is concerned with maximizing the current
rating of a single 72kV device using a minimum amount of parallel capacitance.

In the concept for current Timitation which was developed in Phase 1, the electrodes
of a vacuum device are separated during a fault current rise, and a stable vacuum
arc burns in the metal vapor evaporated from the electrodes. When the electrodes
have been rapidly separated to a spacing of 2 to 3 centimeters, a magnetic field

is applied transverse to the arc path. This field causes arc instability with a
resulting rapid rise.in the arc voltage. In the presence of a parallel capacitor,
this causes current diversion (commutation) from the vacuum device. After the
vacuum arc is extinguished the circuit current continues to flow into the capacitor,
and ultimately flows through the parallel current limiting resistor. The resistive
drop results in high voltages being impressed across the vacuum device electrodes.
However, the arc does not reignite since vacuum arcing devices are associated with

a rapid dielectric recovery. This approach to a current limiter is attractive
because (a) the continuous current is carried by an in-line device (b) the device

is not polarity sensitive (c) the apparatus for causing a forced arc extinction can
be isolated from line potential and (d) high voltages can be withstood by relatively
short electrode spacings. This simplifies the actuator mechanism.

At the end of Phase 1 we had demonstrated the feasibility of commutating from the
vacuum device into the parallel capacitance at arc current levels to 8.5kA.
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However, the parallel capacitance for this current level was prohibitively large
(300uF). Further, the feasibility was demonstrated in circuits with recovery
voltages of peak value < 15kV whereas operation of a fault current Timiter in a
practical 72kV circuit would result in peak recovery voltages of > 50kV. In
addition, the transverse field was usually applied 4ms after the instant of elec-
trode part. This was necessitated by the relatively slow speed actuators available
for the experiments, and the consequent long time period to attain the required
electrode separation of 2 to 3em. Other features of Phase 1 were the use of
prototype vacuum devices with ceramic envelopes of < 18cm diameter, and the appli-
cation of magnetic fields with fast risetimes to an essentially constant value,
Despite these restrictions, Phase 1 provided a solid framework for proceeding with
Phase 2. High speed movies of arc-magnetic field interactions, together with a
theoretical interpretation of the interactions, laid a good foundation for relating
the magnitude of fault current which could be commutated from the vacuum device

to parameters such as the magnetic field strength B, the rate of change of magnetic
field strength é, the magnitude of the parallel capacitance, and the electrode
spacing at the instant of field application.

The objective of Phase 2 has been to increase the commutation current while also
reducing the value of the parallel capacitance. Further objectives have been to
simulate the conditions which would be observed in a practical fault current
Timiter operating in one phase of a 72kV circuit; namely with electrode separation
to 2cm in 1.5ms or less, and with recovery voltages of about 50kV.

Four principal steps were involved in the experimental program:
o Step #1. Continuation of Phase 1, using different electrode geometries.

e Step #2. Experiments with oscillatory magnetic fields in low voltage
(< 15kV) circuits.

e Step #3. Experiments with oscillatory magnetic fields in Tow voltage
(< 15kV) circuits with a conventional vacuum interrupter in
series with the transverse field device.

Step #4. Use of oscillatory magnetic fields and series vacuum in-
terrupter in practical circuits.

In Step #1 the magnetic field rose in an essentially linear manner to a constant
value. The rate of rise of field was higher than in Phase 1, and the ceramic
envelopes were 18cm or 23cm in diameter. The peak recovery voltage was Timited
to 15kV, and the speed of electrode separation was slow (2cm in 4ms). When a
50uF parallel capacitor was used, the current commutation Timit was less than 9KkA.
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In Step #2 a large transverse magnetic field was made to oscillate at high frequency.
The interaction of the arc with the field caused oscillations in the current in

the parallel circuit, and the arc was observed to extinguish when the arc current
oscillated through zero. The peak recovery voltage was still limited to 15kV,

and the speed of electrode separation remained somewhat slow (2cm in 3ms). With

a 50uF parallel capacitor, the current commutation 1imit was 10kA.

In Step #3 a conventional vacuum interrupter was connected in series with the
limiter to help withstand the recovery voltage. The transverse magnetic field was
made to oscillate, and the peak recovery voltage was still limited to 15kV. With
a 50uF parallel capacitor, the current commutation Timit was 14.5kA. With a 25uF
parallel capacitor, the 1imit was 9KkA.

In Step #4 the ceramic envelopes were 30.5c¢m in diameter, and the separation to
2cm in < 2ms was achieved by moving both electrodes. The test circuits were
arranged to give recovery voltages of 50kV after current interruption; a conven-
tional vacuum interrupter again being connected in series with the 1Timiter to help
withstand the recovery voltage. When an oscillatory magnetic field was used to-
gether with a 50uF parallel capacitor, the current commutation Timit was 12kA.

The final Phase 2 concept for a current 1imiting system involves a vacuum limiter
in series with a conventional vacuum interrupter. When a fault is detected, the
electrodes of both devices are rapidly separated to a distance of 2cm in 1.5ms, and
a high frequency oscillating magnetic field is applied transverse to the electrode
axis of the limiter. In the presence of a capacitor in parallel with the series-
connected devices, the arc current is forced to fluctuate. At a current zero, the
arc will extinguish in the series-connected devices, and the circuit current will
continue to flow into the capacitor and ultimately through the parallel current
Timiting resistor.

In developing a rating for the present current limiting system, we have made
assumptions concerning the sensor characteristics and the availability of an

actuator capable of separating electrodes to 2cm in 1.5ms following the sensor

signal. Here it must be emphasized that the present experimental program has only
simulated this electrode separation by moving each of the two electrodes in the
prototype devices. This provides an accurate representation of the arcing conditions,
but in practice a more sophisticated actuator would be required with movement of

only one electrode. In developing a rating, we have also chosen to consider the

fault current limiter applied at either the transformer secondary terminals
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of a 72kV system, or in the bus tie breaker position. We have further assumed
that the fault current Timiter is capable of commutating at current levels to
14.5kA; the highest level attained in Phase 2 for a parallel capacitance of 50vuF.
For these particular circuit studies, we conclude that the Timiter would be

effective in reducing by half the potential fault current in circuits of between
72kV/10kA and 72kV/15kA rms available current.

We consider that the fault current commutation Timit, and reliability, could both
be improved by additional experimental and theoretical investigations. A further
goal would be reduction in the magnitude of the parallel capacitance. We further
consider that the present current limiting system should be evaluated as a module
for a 145kV device, with two of the modules connected in series for 145kV operation.

Our specific recommendations for future work on this vacuum-arc current limiter
concept involve three parallel efforts.

e Experimental evaluation of additional prototypes.

e Analysis to determine the recovery voltage associated with a 145kV
module and the overall 145kV rating.

o Conceptual design of a prototype 145kV three-phase current limiting
device.

With respect to a conceptual three-phase design, we recommend the layout of an
overall 145kV current Tlimiting device. This device would be designed to meet the
rating developed from the research evaluation of prototypes, and also the circuit
analysis. The layout should be performed by personnel who are familiar with the
packaging of capacitor banks and vacuum apparatus. However, research personnel
would have to cooperate in selecting the type of vacuum devices required for
145-kV duty. For example, it may be reasonable to use two of the 72-kV devices
connected in series. This would involve two transverse field devices and two
conventional interrupters. Alternatively, it may be advantageous to use a single
transverse field device in series with three conventional interrupters. The lay-
out should include the transverse field devices, the series vacuum interrupters,
the magnetic field coils and associated power supplies, the capacitor banks, the
insulators, and the mounting platform. Reasonable assumptions would have to be

made concerning the space and power required by the sensors and high speed actuators.

The layout should include all the necessary power supplies and control circuitry
for a functioning device.
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This recommended continuation program would terminate with a final report which
would summarize the progress, provide specifications which would permit the design
and fabricating of a high-speed actuator, and contain a specific design of a
prototype 145kV three-phase CLD having an established objective rating. This proto-
type design would also permit a cost estimate from which the economic feasibilities
of this approach could be evaluated.
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Section 1

INTRODUCTION

The present document is the Final Report in Phase 2 of our Vacuum Arc Current
Limiter Program with the Electric Power Research Institute. The Phase 1 program

was concerned with determining the feasibility of developing a current Tlimiter using
vacuum arc current commutation. This Phase 1 program has been fully documented (1).
The Phase 2 program is concerned with maximizing the current rating of a single

72kV device using a minimum amount of parallel capacitance.

The technique for current limitation which was developed in Phase 1 is summarized
in Figure (1-1). The electrodes of a vacuum device will be separated during a
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Figure 1-1 The technique of using transverse magnetic fields to force current
commutation and limitation.
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fault current rise, and a stable vacuum arc will burn in the metal vapor evaporated
from the electrodes. When the electrodes have been rapidly separated to a spacing
of 2 to 3 centimeters, a magnetic field will be applied transverse to the arc path.
This field causes arc instability with a resulting rapid rise in the arc voltage.

In the presence of a parallel capacitor, this causes current diversion (commutation)
from the vacuum device. After the vacuum arc is extinguished the circuit current
continues to flow into the capacitor, and ultimately flows through the parallel
current Timiting resistor. The resistive drop results in high voltages being im-
pressed across the vacuum device electrodes. However, the arc does not reignite
since vacuum arcing devices are associated with a rapid dielectric recovery.

At the end of Phase 1 we had demonstrated the feasibility of commutating from the
vacuum device into the parallel capacitance at arc current Tevels to 8.5kA. How-
ever, the parallel capacitance for this current level was prohibitively large
(300uF). Further, the feasibility was demonstrated in circuits with recovery
voltages of peak value < 15kV whereas operation of a fault current limiter in a
practical 72kV circuit would result in peak recovery voltages of > 50kV. In
addition, the transverse field was usually applied 4ms after the instant of electrode
part. This was necessitated by the relatively slow speed actuators available for
the experiments, and the consequent long time period to attain the required elec-
trode separation of 2 to 3cm. Other features of Phase 1 were the use of prototype
vacuum devices with ceramic envelopes of < 18cm diameter, and the application of
magnetic fields with fast risetimes to an essentially constant value.

The objective of Phase 2 has been to increase the commutation current while also
reducing the value of the parallel capacitance. Further objectives have been to
simulate the conditions which would be observed in a practical fault current

limiter operating in one phase of a 72kV circuit; namely with electrode separation
to 2cm in 1.5ms or less, and with recovery voltages of about 50kV.

Four principal steps were involved in the experimental program:

e Step #1. Continuation of Phase I, using different electrode
geometries.

e Step #2. Experiments with oscillatory magnetic fields in Tow voltage
(< 15kV) circuits.

e Step #3., Experiments with oscillatory magnetic fields in low voltage
(< 15kV) circuits with a conventional vacuum interrupter in
series with the transverse field device.

e Step #4. Use of oscillatory magnetic fields and series vacuum in-
terrupter in practical circuits.
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A schematic diagram of the current limiting device that results from this work is

‘ shown in Figure 1-2. The principal differences from Phase 1 are the use of larger
diameter prototypes devices, the application of an oscillating magnetic field, and
the presence of a series connected vacuum interrupter.

Section 2 of this Phase 2 report deals with the theory of current commutation from
vacuum arcs subjected to transverse magnetic fields. The theory first deals with
the influence of a linearly rising magnetic field, and a detailed description of
the subsequent arc structure and current flow appears in Appendix A. Section 2
then continues with a phenomenological description of arc/circuit interactions in
the presence of an oscillating transverse magnetic field. A circuit analysis re-
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<> Interrupter
~
\Field Coil

Source Power Supply

Figure 1-2. Single phase representation of a vacuum current limiter resulting
from Phase 2.

lated to the current oscillations appears in Appendix B, and an empirical model
for the arc voltage in the presence of an oscillating field appears in Appendix C.



Section 3 provides an overall description of the experiments conducted during

Phase 2. Subsection 3-1 gives details of the experimental apparatus, and in
particular describes the parallel capacitors, repulsion coil actuators, magnetic
field coils, demountable arc chamber, and, in Table 3-1, the prototype vacuum
devices. This table should prove of particular value to the reader. The table
summarizes the physical characteristics of each prototype, and the experimental
program performed on each prototype. Further, the table references the appropriate
Subsections in Section 4 which deal with the experimental results for the particular
prototype. Section 3 concludes with Subsection 3-2 which provides a brief descrip-
tion of the experimental parameters investigated.

Section 4 provides an extensive description of the experiments performed on the
fourteen prototypes and presents the results of those experiments, The material
is arranged in essentially chronological order, with experimental data obtained

on the first prototypes preceding data appropriate to Tater prototypes. Ex-
periments which do not lend themselves to this format, but which are worthy of
record, appear in Appendix D. The Subsections of Section 4 which relate to step
#3 of the Phase 2 program, and which are consequently of most interest, are

4-3.2, 4-4, 4-7 (oscillating field), 4-4.2, 4-7 (series interrupter) and 4-6, 4-8,
4-9, 4-10 (high speed actuation).

Section 5 essentially condenses the experimental déta of Section 4 into results of
value for a 72kV device. In this Section, each parameter of significance is
allocated two paragraphs. The first is a statement concerning our conclusion or
recommendation concerning the particular parameter. The second contains possible
qualifiers to that statement, together with cross-references to places in the text
which support the statement.

Section 6 is concerned with the potential rating of the present vacuum arc current
limiter. It is shown that the rating not only involves the maximum current which
can be commutated from the device, but also involves assumptions concerning the
sensor trip setting, the sensor discrimination time, and the actuator speed. The
overall electrical circuit also has to be considered with due consideration of
both symmetric and asymmetric faults. Subsection 6-5.4 is concerned with the fault
current Timiter applied at either the transformer secondary terminals of a 72kV
system, or in the bus tie breaker position. For these particular circuit studies,
the limiter is effective in reducing by half the potential fault currents in

circuits of between 72kV/10kA and 72kV/15kA rms available current.
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The overall conclusions from this Phase 2 program appear in Section 7, and re-
commendations for future work at 145kV appear in Section 8. Here the overall

current limiting module resulting from Phase 2 would be used in a series connected
system for fault current limiting in 145kV circuits.
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Section 2

THEORY OF CURRENT COMMUTATION

2-1 INTRODUCTION

The following section contains both the basic theory of an arc in a transverse
magnetic field, and a phenomenological description of the extinction of high
current arcs.

The first part of the theory, Section 2-2, describes the physics of an arc in a
constant magnetic field, and the extinction of arcs by a uniformly increasing
magnetic field. The second part, Section 2-3, concerns the extinction of an arc
by an oscillating magnetic field.

A detailed calculation of the structure of an arc in a transverse magnetic field
is presented in Appendix A. This calculation has led to a substantial revision
of our previous estimate of the field at which current extinction begins, and to
various other changes. The arc theory that was presented in our final report on
Phase I has therefore been rewritten in Section 2-2, to allow both a coherent
presentation of the theory as a whole and a comparison with experimental results
that are now available,

The basic theory holds for arcs in which the initial current is less than 5-8kA.
At higher currents, commutation cannot be achieved by a uniformly increasing
magnetic field, and it is found that a current continues to flow even when the
magnetic field is large, provided that the arc voltage is sufficiently great.

The phenomenological theory of Section 2-3 proceeds from the observed arc voltage
as a function of magnetic field, and is applied primarily to arcs in which the
initial current exceeds 6kA. It is shown that the introduction of oscillations
in the magnetic field gives rise to an oscillatory voltage that can drive high
current arcs to extinction.
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2-2. PLASMA PHYSICS OF CURRENT COMMUTATION

2-2.1 The Hall Field

The interelectrode space in a diffuse vacuum arc is filled with a highly conductive
neutral plasma emitted by the cathode spots, which are sources of both ions and
electrons. A transverse magnetic field can cause extinction when the magnetic
force is strong enough to force the interelectrode plasma out of contact with one
or both of the electrodes.

The essential element of the theory is the Hall field EH, see Figure 2-Ta, which
is the transverse electric field needed to maintain current flow across magnetic
lines of force in a plasma that is almost free of collisions (see Appendix A).

If the electron current density is jx and the magnetic field BZ, the Hall field is

E, =-i,B,/ne (2-1)

where n is the density of electrons.

(a) (b)
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Figure 2-1. (a) Electrode configuration, showing fields and currents. (b) "Rigid"
plasma in a magnetic field.

We can show that this field is independent of both distance and current in the
case of a plasma emitted radially from a cathode spot, assuming that the electron
current is radial (it is shown in Appendix A that this presumption does not hold,
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but we retain it here so as to estimate the average strength of the Hall field).
Suppose, for simplicity, that ions and electrons are emitted isotropically into
a hemisphere; at a distance r from a spot that emits a current -Ie of electrons
one has

j = -Ie/2nr2

Associated with the electrons is a current Ii of ions; let their mean velocity
be uy and their mean charge Z. Then, from the condition of electrical neutrality
within the plasma, we find

- Tn = 2
n = Zni = Ii/2wr eui

Therefore, Eq. (2-1) yields

I
E, = <% u.B. . (2-2)

u
H Ii iz

But the ratio of electron to ion current, %/Ii’ is constant for a given cathode

material, and is roughly equal to 10 for most materials (2). The mean Hall field

therefore depends on the magnetic field alone, and is independent of the total

current and of distance from the cathode.

Most of the mass of the plasma is made up of the ions, and the envelope of the
plasma is determined by the ion trajectories. The total transverse force on an
ion is the sum of Lorentz and Hall forces, which act in opposite directions

F, = Ze(-u;B, + E,) = Zeu,B, ;? -1 . (2-3)
i.e., the total force on the jons is, on average, equal to the Amperian force on
the current, and is opposite in sense to the Lorentz force on the ions. The Hall
force exceeds the Lorentz force by the factor Ielli v 10; even when the current
density is not uniform, we may expect the mean Hall field to dominate the plasma
structure.

Finally, we note that the Hall field, being an electric field, gives rise to an
alignment of the cathode spots, an effect qualitatively different from the effects
expected from magnetic forces alone. In the case of Cu we have (2) Ie/Ii =N
and (3) 7 = 2, the ion energy being 30 eV/unit charge; therefore, E, = 35 V/cm
when B, = 0.05T, which is a typical value. This transverse field is large, and

if the cathode spots were to remain spread over the cathode, as in Figure 2-1a,
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the Hall field would cause a variation in sheath potential as one moved across the
cathode. However, there is only one sheath potential, of approximately 20V, at

which the cathode spots can burn stably. It follows that the cathode spots can be
expected to 1ie on or near that 1ine, parallel with B, on which the voltage is 20V.
This is the Tine 0 in Figure 2-3b (ion trajectories are shown as straight lines in
this sketch, because the regions of greatest curvature have not yet been determined).

It has been found that the Hall field constrains all, or most, of the cathode spots
to 1ie near a single line of force across the cathode. The initial position of
this line, when the magnetic field is first applied, is probably such that it
passes through the center of gravity of the current distribution on the cathode.
Thereafter, as is usual in a vacuum arc, the spots move in the retrograde sense
(i.e., opposite to the direction of the Amperian force on the current) until either
the arc is extinguished or they reach the side of the cathode.

2-2.2 The Plasma Configuration and the Threshold Field

The shape of the plasma in a magnetic field is calculated in Appendix A, and the
result is shown in Figure 2-2. There is a dense region near the plasma boundary
that results from the reflection of ions by the boundary, and all reflected ions
lie between the boundary and the curve marked "reflection envelope". We expect,
therefore, that the plasma in a magnetic field will contain a bright luminous
column extending from the cathode and bent in the forward direction, i.e. in the
direction of the Amperian force on the total current.

An observed plasma structure is shown in Figure 2-3, and is similar to the calcu-
lated picture. The observed plasma is, however, markedly more diffuse than is
calculated, probably as a result of interionic collisions and of irregularities in

the distribution of cathode spots.

The greatest height reached by the plasma in a field Bz is, from Eq. (A.14),

LoV
d, = 1.43 — s (2-4a)

where vy is the voltage that accelerates the ions into the plasma. The general
form of this result follows directly from the Hall force of Eq. (2-3). If an jon
on the outer boundary of the plasma is acted on by the force Fi at right angles to
its motion, it moves in a circle of diameter di’ where

I. V.
d, = ——+ =4 —L 1 > 1.} . (2-4b)
i F. Ie u1.BZ ( e J
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Anode

®B

Cathode

Figure 2-3. Observed plasma structure in a magnetic field of 0.03T; the electrode
separation is 2c¢cm.
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This argument gives the algebraic form of the plasma height correctly, but with a
large numerical error that results from the extreme non-uniformity of the current
distribution; the entire electron current is in fact confined to a thin shell on
the outer edge of the plasma (see Appendix A).

The threshold field BC for the beginning of arc extinction occurs when the height
dH of the plasma is equal to the separation d0 of the electrodes. In the case of
Cu electrodes, where V, = 30v, Z = 2, and Ie/Ii = 11, Eq. (2-4a) yields

B, = 0.034/d (2-5)

where Bc is measured in Tesla and d0 in centimeters.

An extension of this result to rapidly rising magnetic fields is given in Eq. (A-16).
When BZ increases at a rate B it is found that the threshold field is increased
according to the relation

BC(B) =B, + 1B (2-6)

where Te = 2d0/ui is the mean time of flight of the ions from cathode to anode, and
B. is given by Eq. (2-5).

Observed values of BC are compared with theory in Figure 2-4. The calculation
appears to underestimate the effect of rapid rates of increase in the field.

The above mechanism, in which the arc is separated from the anode by a relatively
Targe magnetic field, is the principal means of arc extinction. A Tow field
mechanism does exist, when the Tine of spots marches in the retrograde sense across
the cathode, over the edge, and then beneath it, thereby separating the plasma

from the anode. This low field mode of extinction has been observed, and is most
effective at low currents; we shall not consider it hereafter.

2-2.3 Current Extinction

Current extinction begins when the field reaches the threshold value given by
Eq. (2-5). During extinction the current and ion density vary rapidly with time,
so the plasma diameter need not be the steady-state diameter of Eq. (2-4a).

To find the diameter of a time-dependent arc one must return to Eq. (2-1) for the
Hall field. On equating the force on the ion due to this field with the cen-
trifugal force, as was done in deriving Eq. (2-4b), one finds

2 .
dp oy Miui /ZeEH " Vien(t)/B(t)J(t)
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Figure 2-4. Dependence of the threshold field, Bc’ on the rate of rise of field, é.

This expression can be reduced to Eg. (2-4) for di’ the steady-state diameter, if
n(t) v j(t) at all times. However, the electron density, n{t), is determined by

the ion density, and ions near the anode at time t were emitted at time t - Tg» Where
Tg g.ZdO/ui is the time of flight of the ions., The electron density therefore
corresponds to the current at time t - Tes i.e.,

n(t) = B alt - <)

Therefore, if I{t) is the total current

I(t'Tf) B, . (2-7)

d = do TEY - BlE)
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Note, for currents independent of time, that d_ = do when B = B_, in agreement

with the definition of the threshold field Bc in Eq.(2-5).

C

Anode
W///////////./l///./1///////1/////////////////{/ﬂ

Cathode

Fig. 2-5. Sketch of plasma during extinction.

The plasma configuration during extinction is sketched in Figure 2-5; the leading
edge of the plasma is curved until it reaches a height dp at the point of closest
approach to the anode. Thereafter, the plasma has a straight boundary more or Tess
parallel with the anode, and there is a gap of height

h=d -d (2-8)

between anode and plasma. The current has to flow across this gap, and the re-
sultant voltage serves to commutate the arc current into a paraliel network.

The trailing edge of the plasma has been taken to be parallel with the anode be-

cause this is the only available equilibrium of the system. If the plasma bent
further towards the anode, the gap h would disappear, and no substantial voltage could
be developed in the system, while if the trailing edge bent away from the anode the
electron current would not be able to cross the increased gap and a large space

charge would develop upon the trailing edge of the plasma.
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The voltage that commutates the current into the external circuit is developed
across the gap between plasma and anode. Duvring most of the turn-off the current
density across the gap is high, and the voltage is the space-charge-limited voltage
given by Child's equation for a vacuum diode

= AJ h ’ (2'9)

where A = 5690 V/(amp)3, J is the mean current density within the gap, and h is
measured in cm. The peak current density j, which will be needed later in cal-
culating the maximum heating of the anode, is calculated in Appendix A, see
Eq. (A-18); dts value is
. _ 33 1
=7 w (2-10)
o)
where I is the total current and 2 is the Tength of the active line of spots on
the cathode.

We will now calculate the current waveform during current commutation, taking into
account the effect of the parallel circuit. Consider first the case where the
external circuit is of very low impedance. The gap h must now be small, since
otherwise, from Eq. (2-9), a large voltage would develop across it and a current
greater than Io’ the initial current, would flow in the external circuit. Accord-
ingly, we may set dp = d0 in Eq. (2-7). We approximate the magnetic field as in-
creasing linearly with time during current extinction.

B(t) = BC + Bt ,

t being measured from the time the field reaches the threshold value Bc’ and then

solve Eq. (2-7) to first order in Te under the condition dp = do‘ The result is

-2t2/ts2
I(t) = Ie (2-11)

where the switch-off time tS is given by

t2=4rB /B =5.72 M4 (2-12)
s foc 7T ZeB I, )

Here Mi is the mass of the ions.
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We shall now show, in a typical case, that ts is little affected by an external .
circuit of finite impedance. Note that during current extinction we can set limits

on the plasma diameter d_; it must lie between d0 and di’ di being the steady-state

diameter of Eq. (2-4a), because Eq. (2-7) yields dp > di when the current is de-

creasing with time, while if d_ were to exceed dO the gap h would vanish and no

driving voltage could be developed. If dp is close to di we have an essentially

stationary condition and the arc current varies only slowly with time, while if

d_is close to d_ the arc current turns off as in Eq. (2-11). By way of example,

take I0 = 5kA, d_ = 2cm, 2 = 10cm, é = 650 T/sec, and let the parallel circuit be

a capacitance C = 10uF. If the current falls according to Eq. (2-11), then

I= %-I at t = 12usec; at this time the charge on the capacitor from the diverted

o O

current gives rise to a voltage of 1200V, which must equal VSCL The current
density in the gap is now 125A/cm , so from Eq. (2-9) we find h = 0.029cm. But,

at this time, the calculated value of the steady state plasma diameter di is 1.56c¢cm,
SO dO - di = 0.44cm. Therefore, it is indeed the case that h = d0 - dp << d0 - di’
so the condition dp E.do is a satisfactory approximation during turn-off. A more
careful calculation, inciuding both capacitance C and associated stray inductance
LC’ shows that ts is increased by less than 10% provided C > i0uF and LC < 20uH.
Figure 2-6 shows a comparison of observed and calculated switch-off times, t_, for
values of B up to 6000 T/sec. The observed times obey the predicted rule
reasonably well, but are about 30% greater than the calculated times.

S’

Note that the switch-off time, to, as defined above,is not the total time for
current extinction; rather, it is the time in which most of the current reduction
occurs, i.e., the interval in which the current falls from 94% to 6% of its initial
value. The extinction time is greater than tS and is not readily calculable, since
its value depends to some extent on the instability time of low current arcs.

Voltage

These theoretical considerations indicate that the external circuit has little effect
on the process of current extinction, provided its impedance is not unreasonably
large. In the short time of current extinction we may take it that the total current
into the Timiter and its associated circuits remains constant at IO. The current
between the electrodes, I(t), is then given by Eq. (2-11) after switch-off has begun,
and the current flowing into the associated parallel circuit is IO-I(t). Also,

the parallel resistor has little effect until the voltage has become large, so we
need take account only of the parallel capacitance C and stray inductance LC' At
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Figure 2-6. Dependence of the switch-off time, tgs on the rate of rise of field, B.

time t, the voltage demanded by this external circuit is
t
ve-t La e oS et (2-13)
C dt 0 ’
0

where I(t) is given by Eq. (2-11). The calculated evolution of arc current and
voltage with time are shown in Figure 2-7, for the case of a 5kA arc with B =
1500 T/sec, € = 25uF, and LC = 1.5uH; the calculated switching time ts is 15usec.

The voltage generated during extinction is not intrinsic to the arc in the above
theory. Rather, the arc current falls in a manner that is governed by the magnetic
field, and the space charge region of the arc generates whatever voltage is demanded
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by the external circuit. This point is illustrated in Figure 2-8, which shows
current and voltage traces for two extinctions with similar values of I0 and é,
but with different external inductances. The decrease in current is very similar
in the two cases, though the peak voltages during extinction are 4kV in one case
and 1.5kV in the other.

] T I |
(a) L=1.6uH (b)L=5.4pH

V(kV)
O = N W B

s
|
|
|

L(kA)
[
|
i
I

0 | | | |
0 40 80 0 40 80

Time (usec)

Figure 2-8. Observed similarity of current extinctions despite different voltages
due to different external inductances, (a) L = 1.6uH and (b)
L =5.4uH. In both cases B = 4300 T/sec. and C = 50uF.

The onset of the extinctions in Figure 2-8 is sharp, with a discontinuity in the
rate of change of current instead of the smooth variation of Figure 2-7. Such
behaviour is associated with large values of é, 4300 T/sec. in this case; it can

be seen from Figure 2-4 that current extinction does not then begin until B is well
above Bc’ so there is a strong driving force on the current as soon as interruption
begins.
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2-2.4 Discussion

Successes of the Theory

The above theory gives a good description of the smooth extinction of an arc in a
monotonically increasing magnetic field. The observed and calculated arc structures
agree reasonably well, and we have calculated the threshold field, the extinction
time, and the arc voltage with errors of less than 30%.

We have not, however, given any description of the limitations of this method of
current commutation. The mechanism by which failure occurs at high currents was
not anticipated and is not yet understood; we can do no better than to indicate
the difficulties.

Expected Mechanism of Failure

When current flows across a high magnetic field and the voltage is moderate, plasma
must span almost all of the interelectrode space, because a voltage of 80kV is
required to drive an electron across a plasma free gap of lcm in a field of 0.1T.
Further, there is no mechanism by which a voltage-free plasma can carry a current
across a high magnetic field; it is easy to show, from Eq. (A-13), that the ion
momentum must become large if the current is to flow across a magnetic field much
greater than the threshold field. A region within which some ions are accelerated
to high energy is therefore required for failure to occur, and this region cannot
be the cathode sheath because the plasma potential is positive.

We know of no mechanism by which a large voltage can be generated within the body
of the cathode plasma; it was therefore expected that failure would result from
the formation of an anode spot as a result of heating during extinction. An anode
spot is a source of ions, and a high voltage between anode and plasma can supply
the necessary energetic ions. From Eq. (2-4a), the voltage required is

Vo vi(B/B )%, B 5> B, (2-14)

where BC is the threshold field and Vi the voltage that accelerates the ions of

a cathode spot, Vi = 30V; it has been presumed that the ratio Ie/Ii is the same for
anode and cathode spots. From an estimate of the anode heating it was concluded
that currents as high as 15kA could be interrupted smoothly, provided that the
current density to the anode was uniform.



Observed Mechanism of Failure

A residual current of a few hundred amps often flows after most of a high current
extinction is completed. This residual current can persist for many tens of

microseconds, with subsequent reignition of the arc when the voltage becomes high,
as shown in Figure 2-9a. At currents above 8kA the current usually does not become
small, and there is no region of residual current, as is shown in Figure 2-9b.

The residual current results from the continued activity of a few spots on the
cathode, for the following reasons: (i) The displacement current due to ions in
the interelectrode space has been calculated, and found too small to sustain a
residual current for more than 5usec. (ii) Reignition does not occur if the resid-
ual current stops before a large voltage has developed, which indicates than an
electrode is still active. (iii) The initial current is too Tow to ignite an

anode spot, and if the anode were active we would expect prompt reignition of the
main arc current rather than a lengthy residual current.

It is therefore possible for a current that originates on the cathode alone to
persist across a high magnetic field, provided that the voltage is large, though
the mechanism is not known. For this reason we anticipated that high current
failures, without a region of very low current, also arose from a reorganization
of the cathode plasma rather than from the development of anode activity; this
expectation is confirmed by the fact that a subsequent forced current zero
generally results in extinction.



Time, 20 usec

Figure 2-9. Principal types of failure. (a) Residual current leading to reigni-
tion (b) The current never becomes small.



2-3 PHENOMENOLOGICAL DESCRIPTION WITH AN OSCILLATING MAGNETIC FIELD

2-3.1 Introduction

When we are commutating relatively small currents or operating with a heavily damped
magnetic field, the current in the sealed device is usually forced directly to zero.
This is called a Mode 1 type of commutation and is illustrated in Figure 2-9. When
we are using an oscillating magnetic field and are operating near the 1imit of the
device, the arc current may fail to fall directly to zero and the current will subse-
quently increase. The arc current may then oscillate back towards current zero with
a successful commutation on the second attempt. This is called a Mode 4 commutatiocn
and is illustrated in Figure 2-10. This process may continue a third time with the
current oscillations growing until a commutation is achieved.

B-Trig

Figure 2-10. Illustration of a Mode 4 commutation.
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The oscillograms of Figure 2-11 illustrate two experiments where the current was
forced toward zero three times before successful commutation was achieved. These
two oscillograms are not unusual and we have occasionally seen four and five excur-
sions before successful commutation is achieved. Greater than five excursions
usually leads to a failure.

_Negative Arc Voltage
/

~ 8.6 kA
2000 v/cm Commutation
24 mm Electrode
Separation
4100 A/cm Negative Current

2-11 (a). 8.6kA Commutation.

2000 v/cm
~10 kA
Commutation
4100 Afcm , 20 mm Electrode

Separation

50us/cm

2-11 (b). 10kA Commutation.

Figure 2-11. §e1ecteq oscillograms from experiments with Prototype #5 showing
increasing current oscillation leading to successful commutation;

C2 = 100uF, and B = 7200 T/S.



In Figure 2-11 (a) the current crosses zero after the second excursion and again
after the third excursion. The arc voltage also changes sign. The final commu-
tation takes place from a negative current. We have analyzed the two oscillograms

of Figure 2-11 with the objective of approaching an understanding of this oscillatory
phenomenon. The technique used to understand the increase of current oscillation

was to set up a differential equation for the external circuit and measure the
observed arc voltage. The differential equation was solved numerically using the
observed arc voltage to calculate the evolution of current as a function of time.
There was good agreement between calculated and observed current as illustrated in
Figures 2-12 and 2-13. The details of this calculation appear in Appendix B.

Current, kA

Time, ps

Figure 2-12. Comparison of experiment (o) with circuit analysis (solid Tine)
for an 8.6 kA commutation C2 = 100 uF and L2 = 1.5 uH.



Current, kA

Time, ps

Figure 2-13. Comparison of experiment (o) with circuit analysis (solid 1line) for
a 10kA commutation, 02 = 100uF, and L2 = 1.5uH.

2-3.2 Empirical Model

The voltage associated with continued current flow across a high field is a voltage
intrinsic to the arc, unlike the voltage generated in a smooth extinction. In the
absence of any adequate theory, we expect that the voltage will be of the order of
that given in Equation 2-14. When do = 2cm, and B = 0.2 T, we find V ~ 3kV.

A regression analysis of the arc voltage data from the two oscillograms shown in
Figure 2-11 appears in Appendix C. The calculations show that the observed arc
voltage is not a consistent function of current and each model selected fits the
data almost as well if the arc current is neglected. The equation which gives the
best fit to a logarithmetic transformation of the data has an exponent on B of
nearly unity. However, applying an equation of the form

V. = KB (2-15)
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accounts for almost 70% of the variance for a given oscillogram and because of the
better agreement with what one would expect from the theory we suggest using an
equation of this form to model the arc voltage. We suggest a value for K in
equation 2-15 of approximately 3.5 x 104, hence

V.= 3.5 x 10% 82 . (2-16)

From a 1imited amount of data, the actual value for K in equation 2-15 could Tie
between 2.5 X 104 and 5 x 104 depending on the arc length associated with con-
tinued current flow across a high magnetic field and the magnitude of the current
prior to the application of the magnetic field. As an example, the best value for
K for the upper oscillogram of Figure 2-11 is 4.6 x 104 or

V= 4.6 x 10% (2-17)
and for the lower oscillogram
4
vy =2.8x10 (2-18)

a

Equation 2-17 is compared with the arc voltage data in Figure 2-14 and a similar
comparison of equation 2-18 with arc voltage data appears in Figure 2-15. Com-
paring equation 2-17 with 2-18 serves as a rather dramatic example of the difficulty
of developing a universal equation for arc voltage when there is continued current
flow. In both oscillograms of Figure 2-11 the electrode separation, electrode
design, external circuit, magnetic flux density, etc. are all the same. The only
significant difference is the magnitude of current prior to the application of the
magnetic field. The initial arc current in the upper oscillogram is 8.6kA and in
the Tower oscillogram is 10kA.

We have run experiments with the magnetic flux density, B, oscillating at several
different freguencies and with external circuits resonant at various frequencies.
In all cases the general form of the arc voltage equation, 2-15, appears to be valid.

2-3.3 Discussion

There is very good agreement between theory and experimental observation when the

arc follows a smooth extinction. When the arc does not follow a smooth extinction

we may see the arc current increase. Once this has occurred, the voltage associated
with continued current flow across a high magnetic field is a voltage intrinsic to the
arc. At this point, the theory has reduced utility and we must resort to empirical
techniques to obtain useful information. The interaction between the current Timiting
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Figure 2-14. Plot of the arc voltage data from the upper oscillogram in Fig. 2-11.

device and the external circuit is well understood and given the arc voltage, we

can calculate the arc current as a function of time.

In section 2-3.2 and Appendix C we treat the arc voltage as the dependent variable
and use regression techniques to develop an empirical equation for arc voltage as

a function of magnetic flux density. This equation applies, strictly speaking only
for the experimental condition studied. Different electrode design or electrode
separation would yield a somewhat different coefficient in the equation, but the
form of the equation is useful for predicting how a current Timiter will behave

in a somewhat different circuit. Further, equation 2-16 is useful for predicting
the current oscillation when the magnetic flux density, B, oscillates at a frequency
other than the frequency used in this experiment.
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Section 3

DESCRIPTION OF EXPERIMENTS

3-1 APPARATUS

3-1.1 Capacitor Banks

The basic high power test facility at the Westinghouse R&D Center consists of a
capacitor bank capable of storing a maximum energy of 2 x 106 Joules, six air core
inductors and appropriate instrumentation. This high current capacitor bank can
be used to produce an oscillatory current when discharged through the inductors
and the test device. We use this equipment to simulate a symmetric fault in a
60Hz circuit. We can select any appropriate capacitance up to 43,200uF at 10kV or
10,800uF at 20kV and combine the inductors in series or parallel to select any
desired inductance to achieve a desired circuit impedance. Further, we can select
capacitance and inductance to oscillate at frequencies other than 60Hz. A photo-
graph taken inside of the capacitor bank room showing some of the capacitors and
some of the inductors (reactors) appears in Figure 3-1.

A typical schematic of one of the current limiter experiments appears in Figure 3-2.
A selection of 5400uF of capacitance and 1.25mH of inductance is used to supply the
simulated symmetric fault current.

In Figure 3-2, the parallel capacitance consists of 54 0.88uF capacitors, and the
assembly is shown in Figure 3-3. This capacitor bank was used in the high recovery
voltage experiments of Sections 4-7 through 4-9, and was used for recovery voltages
up to 50kV. These capacitors are housed in a separate room for personnel safety.
They are connected to the vacuum device by one or more coaxial cables to minimize
inductance.

3-T.2 Actuators and Actuator Power Supplies

The repulsion coil actuator has proven to be a reliable, moderately fast actuating
device. An example of one is shown in Figure 3-4. Repulsion coil actuators are
described in detail in reference (1) Many of the commutation experiments with
sealed devices have used as many as five of these actuators at one time. Figure



Figure 3-1. Capacitor Bank Room. Shown are one of the four banks of the capaci-
tors, current limiting reactors, and closing switch {upper right).
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Capacitor Bank
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Figure 3-2. Schematic of experiments with Prototype #10 connected to 32uF of the
high voltage capacitor bank.

3-5 is a schematic showing where each of these actuators were used. Actuators 1 and
2 in Figure 3-2 were used to operate the current Timiting device and Actuator 3 was
used to operate the series connected vacuum interrupter. Additional vacuum interrup-
ters are needed to isolate the L and C1 part of the circuit; because of the speed
requirement, repulsion coil actuators were needed to operate these devices also.
These two repulsion coil actuators are labelled 4 and 5 in Figure 3-5.

For effective use in a current limiting device the contacts of the vacuum device
must be parted te the required spacing as rapidly as possible. In order to accom-
plish rapid operation, current must be delivered to the coils as rapidly as possible.
We chose a capacitor discharge power supply design to deliver the current. A
schematic of one of the capacitor discharge power supplies appears in Figure 3-6.
A further refinement used in one of the power supplies was to use two stages of
capacitors. A two-stage actuator power supply is shown schematically in Figure
3-7. The small 110uF capacitor is charged to a high voltage (usually 3000V) and
the initial rate of rise of current is very large because of the high voltage. As
the current is built up rapidly to the desired level, the T10uF capacitor is dis-
charged and the switching diode turns on. The 2000uF capacitor which has been
charged to a moderate voltage delivers the current for the acceleration period



Figure 3-3. High voltage parallel capacitor bank. Photograph shows two of the
three banks of capacitors.
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Figure 3-4. A Repulsion Coil Actuator.
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Figure 3-5. Schematic of the test circuit showing where each of the five repulsion
coil actuators are used.

3-6



oA

Figure 3-6. 5 kV, 6 kJ actuator power supply with energy discharge capacitors.
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Figure 3-7. Two-stage fast actuator power supply.
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which is approximately one millisecond. There was no need for further development
work on fast actuators during Phase II of this project; hence, only one two-stage
actuator power supply was constructed. Each of the other four repuision coil
actuators used power supplies similar to the one shown in Figure 3-6.

3-1.3 Magnetic Field Coils and Power Supplies

Magnetic field coils were mounted adjacent to the sealed vacuum device oriented to

produce a transverse magnetic field across the axis of the vacuum device. Figure 3-8

Magnetic Field Coil

Figure 3-8. Typical current limiter experiment showing one of the two magnetic field
coils. The current limiting device is inside the Micarta box with the
magnetic field coils.



shows the magnetic field coils in a typical experiment. These were two turn coils
each connected to a separate capacitor discharge power supply. The current in each
coil was 33kA and the voltage was 8kV. The coils used only two turns to reduce
inductance, to permit a rapid increase of current and a large rate of change of
magnetic field, é. The coils were 37.5cm in diameter, separated by 36cm. The
inductance of these coils was 8uH.

A schematic of one of the two identical capacitor discharge power supplies appears
in Figure 3-9. These supplies could not be connected electrically in parallel

since they would have been damaged by the large circulating current. Further they
could not be connected electrically in series since they would be damaged by the
voltage. We therefore, connected each supply to a separate coil and triggered them
at the same time. Even though the supplies are limited in the current they can
deliver, the separate coils present a lower inductance and we were therefore able to
increase B. This approach has two disadvantages: the impedance of one coil was not
large enough and excessive currents could have been drawn if the capacitors of the
power supply had been charged to the full value (10kV). Furthermore, the two circuits
would not oscillate at exactly the same frequency causing the magnetic flux produced
by one coil not to remain synchronized with the other for long time periods.

We also investigated using one power supply to deliver current to both coils con-
nected electrically in series. This has the advantages of a better impedance match
and a guarantee that the current in each coil is identical. However, experimental
results showed that there is a slight advantage to using two independent supplies,
and nearly all experiments were performed with this arrangement.

At the beginning of Phase II the magnetic field power supplies were equipped with
electrolytic capacitors, and diodes were connected directly across the capacitors
to prevent voltage reversal. A schematic appears in Figure 3-10. The resulting
field waveshape was a rapid rise followed by a slow decay to zero. We later re-
placed the electrolytic with new energy storage capacitors, and placed a resistor
Rp in series with the diodes; see Figure 3-9. This resistor limits the current
through the diodes and hence provides protection. We have used this modified supply
to generate two types of oscillating fields: (a) with the resistor and diodes
connected the field oscillates at about 5kHz with a logarithmic decrement of 0.97,
(b) with the resistor and diodes out of circuit the field oscillates at about 5kHz
with a Togarithmic decrement of 0.27. In both cases the ignitron®) type 7703 can
conduct current in the reverse direction. The configuration with the diodes and
resistor out of the circuit produced the best performance of the sealed device and
was used for most of the experiments with sealed devices during Phase II.
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3-1.4 Description of the Demountable Arc Chamber and Qutline of Experiments

The demountable arc chamber allows arc observation at the instant of application
of the transverse magnetic field using high speed cinematography. A schematic of
the chamber is shown in Fig. 3-11 and a more detailed description appears in ref.(1)

s

12"
INSULATOR OBSERVATION
STATIONARY PORTS
ELECTRODE
MOVABLE ISOLATION
ELECTRODE INSULATOR INSULATOR

4 4

ACTUATING DIFFUSION
MECHANISM PUMP

Fig. 3-11. Schematic of the large demountable arc chamber

The magnetic field coils were arranged such that the field was directed out of the
plane of the paper. A cylindrical quartz Tiner inside the metal chamber minimized
the interaction between the arc and the chamber walls. The circuit was set up to
give a single 50Hz current halfwave, and the transverse magnetic field was applied

at current crest. The rate of rise of the field was 140mT in approximately 850us.
The contacts were all made of CLR material, and the geometries were (1) cup contacts,
10cm diameter, [ref. (4)]; (2) cup contacts, 10cm diameter, with 5cm cuts in the side
wall (see Fig. 3-12); (3) concave bar contacts, 5cm x 10cm (see Fig. 3-13); (4)
convex bar contacts, 5cm x 11.2cm (see Fig. 3-14). The concave bar contacts were
utilized with three different orientations with respect to the applied magnetic
field: parallel, perpendicular, and with an angle of 45°. The cup contacts with
cuts and the convex bar were oriented such that the cuts and the bar, respectively,
were parallel to the applied magnetic field. With the exception of the convex bar
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Fig. 3-12. Schematic of cup contacts with 5cm. cut

contacts, the actuation speed was 4.4m/s giving a gap of 22cm at the instant of
B-field application. For the convex bar, the contacts were separated slowly to
24mm using the keep alive technique (reference (1). In some of these experiments,
the arc was subjected to a weak axial magnetic field (~ 30mT) before and during
the application of the transverse magnetic field.
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Fig. 3-13. Schematic of concave bar contact

Two high speed movie cameras recorded the arc appearances from two directions;
parallel and perpendicularly to the applied magnetic field. Arc voltage, arc
current and total circuit current were observed with two oscilloscopes. The
triggering of one oscilloscope was delayed until shortly before the triggering

of the magnetic field in order to give better time resolution during the commuta-
tion process. The arcs were photographed at current Tevels in the range 1 - 12kA.



11.2cm

Fig. 3-14. Schematic of convex bar contact

3-1.5 List of Prototypes

The prototype sealed devices that were built and tested during Phase II are listed
in Table 3-1. A brief description of each device and the purpose for which it was
built are given under the various column headings of the table. The 18cm diam.
devices were 30cm long, measured on the outside flange to flange, with the ex-
ception of prototype #7 which was 34cm long. The 23cm diam. and 30.5cm diam.
prototypes were all 36cm long. In the last column of the table, reference is

made to the subsections of Section 4 in which the various experiments carried out
with each of the prototype devices are described in detail.
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External
Prototype Ceramic
Number Diameter
1. 18cm
2. 23cm
3. 18cm
4. 18cm
5. 23cm
6. 23cm

Internal
Shielding

None

None

None

Bellows
elec-
trode
isolated
from end-
plate

None

None

TABLE 3-1

Electrodes

11.5cm diam.,
Bruce profile,
CLR material

l4cm diam.,
Bruce profile,
CLR material

11.5cm diam.,
Bruce profile,
Cu-Bi material

11.5cm diam.,
Bruce profile,
CLR

Bar with two
end mating
"flats"
(15cm x 7cm,
CLR)

15cm diam., cup
geometry, CLR

Summary of Sealed Devices Tested
During Phase II

Purpose

Observed residual current
B,B,C dependence
established

Comparison with 1. to show
effect of increased elec-
trode diam.

Lifetime at 10kA

Comparison with 1. to
check effect of Cu-Bi on
remanent current |
Effect of higher B

Comparison with 1. to
see if remanent current
associated with end-
plates

Effect of B waveshaping

High current commutation
with large area bars

which touch at two points
Oscillating magnetic field

Oscillating magnetic field
Diffuse arc plasma at high
currents

Ref. to
Section 4

4-1

4-3

4-4
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10.

18cm

23cm

23cm

30.5cm

Shielded
end-
plates,
shielded
external
ceramic

None

Improved
bellows
shield

None

TABLE 3-1 (Continued)

Large area bar

628cm x 5¢em
LR Materia

15¢cm diam.
stationary

Bruce profile
electrodes with
a third low mass
arc initiation
electrode; CLR

15cm diam.,
cup geometry,
CLR

15¢m diam.,
Bruce profile
CLR material

Solenoidal field
applied to large
area bars

Fast electrode
separation
Short arcing times

Osciilating magnetic

field (15kV/50kV circuits)
Diffuse arc plasma at

high current

Series vacuum interrupter

Series interrupter
Oscillating magnetic
field

4-5

4-6.1
4-8.2

4-6.2
4-7.1

4-7.2
4-7.3
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11.

12.

13.

14.

30.5¢cm Bellows
shields
(both elec-
trodes mov-
able)
30.5¢cm "
30.5¢cm "
30.5cm "

15cm diam.,
cup geometry
CLR

Device eg-
uipped with
welded
bellows

e Two 15cm
diam. sta-
tionary
Bruce pro-
file elec-
trodes; CLR

& Two 5cm diam.
movable bridg-
ing electrodes;CLR

o Steel elec-
trode stems

Similar to Pro.

#12 but with

e reduced weight
cup electrodes

e steel electrode
stems (overall
40% weight re-
duction)

e (CLR material on
arcing surfaces)

Evaluation of cup
electrodes in larger
diameter ceramic
Oscillating magnetic
field (15kv/50kV
circuits)

Series interrupter
Faster electrode
separation via

two actuators

Oscillating magnetic
field

50kV circuits

Series interrupter
Faster electrode
separation via two
actuators

(Same as above)

4-8.2

4-9



As a general guide, the four main variations of parameters were as follows.

Step #1 - For prototypes #1, 2, 3, 4

e linearly rising B-field to constant Bmax
o relatively slow speed actuation (2cm in 4msec)

e low recovery voltage (<15kV).

Step #2 - For prototypes #5, 6, 7, 9, tests were run with

e oscillating B-field
e moderate speed actuation (2cm in 3msec)
e Tlow recovery voltage (<15kV).

Step #3 - For prototypes #9, 10 tests were run with

e parameters of Step #2 but with

e series vacuum interrupter

Step #4 - For prototypes #8, 9, 10, 11, 12, 13, 14, tests were run with

e oscillating B-field
e high speed actuation (2cm in <2msec)
e high recovery voltage (50kV)

o series vacuum interrupter

3-1.6 Saturable Reactors

The use of a saturable reactor in series with the CLD suggests itself from the
similarity of our current commutation to that of the current counterpulse technique
used in d.c. switching (5, 6). In effect the reactor does not change the
circuit impedance until the current in the CLD is reduced to a Tow value. Then

the unsaturated cores present a large inductance which slows the rate of change

of current as a current zero is approached. In principle this gives the vacuum
device a longer period for deionization once a current zero is reached.

During Phase II, we tested prototype #9 with a saturable reactor (see Sect. 4-6).
These tests produced uncertain results. However, we consider that the use of a
saturable reactor should be tried again. To this end we give a brief description

of this reactor here and describe the experiments we performed on the saturable
reactor itself in Appendix D-3.
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The saturable reactor consisted of five cylindrical cores. Each core was wound
from a 0.1mm strip of silicon steel. Each core had a 2.5cm inner diameter, a .
10cm outer diameter, and was 10cm long. The cores were stacked on a 2cm diameter

copper rod with electrical insulation between the individual cores and with in-

sulation between the cores and copper conductor. The calculated flux change, from

minus saturation to plus saturation for this reactor was 0.08 Wb or 0.08 V-sec.

3-2 PARAMETERS FOR INVESTIGATION

Many parameters were varied to increase the magnitude of the fault current that

could be Timited by vacuum arc current commutation in a 72kV circuit. The parameters
that were investigated can be grouped into the catagories of device parameters,
circuit parameters and operational parameters. At the start of the Phase 2 Program,
the need for variation and optimization of such device parameters as envelope
diameter, electrode diameter and configuration, internal shielding, etc., was

clearly evident. Also clear, at that time, was the need to investigate the
characteristics of the parallel circuit parameters and especially to aim at

reducing the parallel capacitance. Less clearly seen were possible variations

in the operational parameters.

The device parameters that were investigated included:

a.) The diameter and length of the sealed devices.
b.}) The size and shape of the electrodes.
c.) The spacing of the arcing gap.

The circuit parameters investigated were:

The capacitance in the parallel circuit.

The magnitude and rate of rise of the transverse magnetic field.
Oscillating magnetic field.

The use of a series vacuum interrupter.

High recovery voltages.

Properties of a saturable reactor.

e —+ a o o @
. . . . . . .
N et et et e N

The effect of a spark gap in series with either the parallel capacitor
or resistor.

The operational parameters were:

a.) Time of B-field application following electrode separation.

b.) Point on current wave of electrode separation.

c.) Opening speed.

d.) Use of two B-fields. ‘
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Section 4

EXPERIMENTAL RESULTS

Introduction

Before describing the experimental results in detail, a chronology of the experi-
mental program will be useful. The objectives of the various experimental series,
the reasons for taking a particular approach, and the new experimental findings
will be reviewed. Figure 4-1 will serve as a framework for this résumé. In this
figure, the 14 Prototype devices built and tested in Phase Il are shown as circled
numbers. (See Table 3-1 for a listing of these Prototypes.) The horizontal posi-
tion of a circle indicates the quarterly period during Phase II in which the Proto-
type was tested. The height of the circle above the base 1ine indicates the cur-

rent 1imiting capability of the Prototype when a capacitance of 50 uF was used in
the parallel circuit.
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Figure 4-1. Prototype Performance During Phase II
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Phase II started on January 1, 1977, following the completion of Phase I. The

final two devices tested in Phase I were 23 cm diameter prototypes equipped with
numerous internal ceramic shields. We encountered major problems with the shield
attachments as discussed in Appendix D of the Phase I Final Report. The first two
devices tested in Phase II were deliberately designed without internal ceramic
shields. Rather the overall length of the devices was increased from 22 cm to 30 cm
in order to reduce the probability of arcing from end plate to end plate. Prototype
#1 contained 11.5 cm diameter Bruce profile electrodes within an 18 cm diameter cera-
mic envelope, and prototype #2 contained 14 cm diameter Bruce profile electrodes
within a 23 cm diameter ceramic envelope.(See Table 3-1)

The objective of the first quarter test series was to investigate the commutation
process in order to aid the design of future, higher current prototypes. We ob-
tained high speed oscillograms showing the modes of commutation, and we determined
the effect on commutation of (a) rate of rise of magnetic field, field magni-

tude, and the field duration, (b) parallel capacitance, (c) lead inductance and

(d) electrode diameter. Further, the longer external ceramic provided a marked in-
crease in reliability and 1life (more than 150 tests on the 23 cm diameter device
with currents ranging up to 12 kA with no deterioration in commutation ability).

The tests revealed the presence of a residual current of several hundred amperes
which can persist for several tens of microseconds following the main current col-
lapse. The experimental series also identified two primary modes of current commu-
tation. Mode 1 was a rapid collapse of the current. Here we frequently observed

a residual current of several hundred amperes which persisted for several tens of
microseconds and which could lead to arc reignition. Mode 4 involved an induced
oscillation of the arc current which forced a current zero. The maximum commutation
current at the end of the first quarter was 10.5 kA for a parallel capacitance of
200 uF. However, for a parallel capacitance of 50 uF, the results are shown in
Figure 4-1.

The objectives of the second quarter were to understand and enhance the two modes of
commutation in order to obtain similar commutation levels at reduced capacitance.

We therefore performed a series of experiments on an additional three prototype
sealed devices #3, 4, 5. Prototype #3 was almost identical with #1 but was equipped
with Cu-Bi electrodes. This non-refractory electrode material actually decreased
the commutation ability. Prototype #4 was also similar to #1, but the end flange
was isolated from the electrode stem. The residual current was still observed with
this flange isolated, and this showed that the residual current flowed between the
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arcing electrodes. Tests with this prototype also showed the advantage of using
rapid rates of rise of magnetic field with high peak values. The most interesting
test series was performed with Prototype #5, which contained concave bar electrodes
within a 23cm diameter ceramic envelope. Here we deliberately enhanced the mode 4
commutation by oscillating the applied magnetic field. In all previous experiments
we had used the linearly rising field to a constant value. Commutation currents of
10kA were attained with a parallel capacitance of 100yuF.

This experimental series showed that (a) CLR is a better electrode material than
Cu-Bi for current limiter applications, (b) large area electrodes are beneficial,
(c) the magnetic field should have a rapid rate of rise of ~ 8000 T/sec for mode 1
commutation, (d) oscillation of this magnetic field can increase the mode 4 commu-
tation ability, and (e) electrodes for producing parallel arcs within a single cera-
mic envelope require careful design. The experimental series also showed marked
progress in the commutation ability. At the end of Phase I, in December of 1977,
the commutation 1imit was 8.5 kA for a parallel capacitance of 200 to 300 uF. We
were now achieving this order of commutation level for a parallel capacitance of

50 uF (see Figure 4-1). These commutations were achieved in an a.c. circuit where
the dV/dt following arc extinction is similar to the dV/dt which would be observed
in a practical transmission circuit for the same capacitance. The peak of the re-
covery voltage in a 72 kV application will certainly be significantly higher than
the 15 kV peak used in these experiments. However, the immediate current zero pheno-
mena are comparable.

The major development in the second quarter was the observation of enhanced current
commutation using modulation (oscillation) of the applied transverse magnetic field.
Our future experiments exploited this phenomenon in combination with improved proto-
type designs.

During the third quarter, we tested Prototype #6 using oscillating transverse mag-
netic fields. The commutation 1imit exceeded 8.5 kA, but the actual limiting value
was not determined since the device went to atmospheric pressure during the test
series. 'Subsequent experiments were performed with Prototypes #4 and #5 which had
previously been subjected to extensive commutation experiments. Prototype #5 was
used to investigate the possible effect on commutation level of tuning both the mag-
netic field circuit and the parallel external circuit. The ratio of the external
circuit frequency to the magnetic field frequency was varied from two to six, and
the commutation level was observed to be insensitive to this ratio over the given
range.
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We gained additional information concerning the interaction of oscillating mag- .
netic fields with vacuum arcs by observing current commutation from devices connected

in series. The commutation levels of Prototypes #4 and #5 were determined separately

using oscillating magnetic fields, and these prototypes were then operated in series

with a single capacitor across the two devices. Simultaneous application of oscil-

lating transverse magnetic fields caused a 33 percent improvement over the current

commutation ability of each device individually.

During the third quarter, we also approached an understanding of the oscillatory
phenomena by analyzing the interaction between the arc, the magnetic field, and the
external circuit. We were unable to predict the transient arc voltage behavior in
the presence of an oscillatory magnetic field, and it was therefore necessary to
read the transient arc voltages from high speed oscillograms. With these voltages
as input data, the resulting circuit analysis showed a reasonable and self-consis-
tent arc current behavior. In particular the arc current passed through zero.

Prototype #7 was equipped with large bar electrodes positioned along the long axis
of an 18 cm diameter ceramic envelope. The design of the electrodes necessitated
slow electrode separation using the d.c. keep alive technique, and oscillating mag-
netic fields were applied at electrode separations of 2 cm. The commutation ability
was 4.4 kA (26 uF) and 7.3 kA (100 uF) and these Tevels were higher than observed

in previous 18 cm devices. However, there was no major improvement in performance.
This prototype was also subjected to experiments where a low d.c. field was applied
immediately prior to application of the main oscillating magnetic field. The low
field was intended to align the cathode spots, but this field did not improve commu-
tation ability. This technique was not pursued further.

The alignment of the electrodes in Prototype #7 permitted large area electrodes to

be enclosed within an 18 cm diameter ceramic. The commutation ability was somewhat
better than with previous 18 cm diameter devicés. However, the extent of the improve-
ment was inconsistent with the increase expected from area considerations. Rather

the data suggested that high commutation ability is associated with both large
electrode area and large ceramic diameter. This conclusion was tested when Proto-
type #10 was evaluated. The electrodes in Prototype #10 are similar in design to

those used in Prototypes #2 and #8, but the diameter of the external ceramic was
increased from 23 cm to 30.5 cm.

During the fifth quarter Prototype #7 was evaluated with faster electrode separa-
tion (2.3 cm in 4.2 ms) and without a keep alive current. The commutation limit .
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was 7.7 kA (100 uF) which slightly exceeded the commutation limit of 7.3 kA (100 uF)
observed with slow electrode separation (2 cm in 25 ms). In both cases, the commu-
tation ability was inferior to that observed with Prototypes #8 and #9.

Since Prototype #8 was equipped with a third low mass movable electrode, commutation
experiments could be performed with rapid electrode separation. In particular, true
fault current limitation was observed, with the oscillating magnetic field applied
during the a.c. current rise. The commutation 1imit was 8.5 kA (50 uF). This proto-
type received further evaluation.

Prototype #9 was tested with a single parallel 50 uF capacitor placed across both

the prototype and a series connected conventional vacuum interrupter. The peak cur-

rent commutated had a value of 12 kA which represents a 40 percent increase in commu-
tation ability over previous circuit arrangements. High current commutations of

5.4 kA (12 uF) and 8.6 kA (26 uF) were also observed without the series interrupter.

Prototype #9 was also used for preliminary evaluation of saturable iron cores.

In all previous Phase 1 and Phase Il experiments, the initial rate of rise of the
recovery voltage was accurately simulated. However, the peak recovery voltage was
deliberately maintained at the Tow value of 15 kV. An analysis in the fourth quar-
ter showed that the actual recovery voltage peak would be approximately 50 kV for

a 72 kV/15 kA circuit with a 50 uF capacitor. This value was confirmed by more
rigorous calculations performed in the fifth quarter. In particular, we made a
preliminary evaluation of Prototype #9 using 50 kV recovery voltages. The circuit
was by no means optimized, and yet 4 kA was commutated with a parallel capacitance
of 32 yF. The extensive experimental series of the fifth quarter showed the value
of a) cup electrode geometries, b) series vacuum interrupters, and c) bridging elec-
trodes for rapid electrode separation. Further, the series gave initial experience
with saturable iron cores and high voltage circuits. The data were used in the tests

on Prototype #10, and provided guidelines for designing the five prototypes built
in 1978.

Design parameters resulting from 1977 experiments can be summarized as follows.
Prototype #7 contained large area bar electrodes which were oriented along the axis
of the 18 cm diameter ceramic. The maximum commutation current was 7.7 kA (100 wF),
and this maximum was comparable with the value observed for other 18 cm diameter
devices (#1, 3 and 4). In order to optimize commutation ability, we considered
that future prototypes should be manufactured with larger diameter (23 or 30.5 cm)
ceramics. Further, the bar electrode geometry should be abandoned in favor of the
disk and cup geometries.



Prototype #8 demonstrated true current commutation with current transfer to the
parallel R C network during the current rise. When we applied the magnetic field
2.2 ms after the start of current we commutated 8.5 kA (50 uF). Here the small
electrode was only separated by a distance of 1.2 cm from the opposing electrode.

It is probable that this commutation level would have been exceeded if a higher
speed actuator had been used. For example, Prototype #8 commutated a crest current
of 10 kA (50 uF) when the bridging electrode was withdrawn 2 cm in 2.2 ms. By con-
trast, Prototype #6 commutated a crest current of 8.5 kA (50 uF) when the electrodes
were separated to 2 cm in 4 ms. The conclusions from experiments with Prototype #8
were a) that the effect of high speed electrode separation should be investigated
further and b) that a bridging electrode may prove a feasible technique for lowering

the effective electrode mass.

Experiments with Prototype #9 showed the value of connecting a single 50 uF capaci-
tor across both the prototype and a series connected conventional interrupter. The
peak commutated current had a value of 12 kA which represents a 40 percent improve-
ment over previous tests with cup electrodes (Prototype #6). The experiments also

confirmed the significance of the cup electrode design, with record currents of 5.4

kA (12 uF) and 8.6 kA (26 uF) being commutated without the series vacuum interrupter.

Finally, the preliminary experiments in the 50 kV circuits indicated a variety of
circuit problems which were corrected. For example, all future high voltage tests
were performed in the test cell which is located in close proximity to the 48 uF

high voltage capacitor bank.

During the sixth quarter Prototype #10 was first evaluated in low voltage circuits
where the recovery voltage was limited to less than 20kV. The initial tests were
performed without a conventional vacuum interrupter in series with the current
limiter device, and the highest currents commutated were 8.3kA (50uF) and 7.7kA
(26uF). We had anticipated higher commutation currents from a 30.5cm diameter
device, and we attribute the relatively poor performance to initial manufacturing
problems associated with the processing of a large volume device. The device
apparently contained sufficient residual gas to facilitate arc reignition at
relatively low recovery voltages. We did, however, observe vigorous current oscilla-
tions with current reversal.
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Prototype #10 was then evaluated in a Tow voltage circuit with a conventional vacuum
interrupter connected in series. There was a considerable increase in performance to
14.5 kA (50 uF) and 9 kA (26 uF). These currents represented the highest commutation
levels to date, and future prototypes were built with 30.5 cm diameter ceramic enve-
lopes. Subsequent experiments with Prototype #10 involved the use of spark gaps in
series with either the parallel capacitor or parallel resistor with the objective of
enhancing the current oscillation.

The final experimental series with Prototype #10 involved commutation studies in a
high voltage 50 kV circuit. Experimental difficulties were encountered in minimizing
the inductance of the parallel circuit and in synchronizing the operation of the cir-
cuit components. However, the commutation current in the high voltage circuit was
increased from the previous level of 4 kA (32 uF) with Prototype #9 to 7.5 kA (32 uF)
with Prototype #10.

In order to use the large diameter prototypes at high rates of change of magnetic
field, with high peak values, we used an individual power supply with each of the two
field coils. This magnetic field arrangement was slightly better than energizing
series-connected coils from a single supply. We also determined that the commutation
ability did not increase with an increase in electrode separation from 2 cm to 2.5 cm.

These tests indicated that Prototype #11 should be tested with an electrode spacing
of 2 cm, with an individual power supply for each of the field coils, with a series
vacuum interrupter, and in a high voltage circuit in which the frequency of the
parallel circuit is at least twice the magnetic field frequency.

During the seventh quarter all of the experimental data were obtained with high re-
covery voltages (40 to 50 kV) following commutation, and with a conventional vacuum
interrupter in series with the CLD. Prior to performing these experiments, the over-
all circuit received extensive modification to permit full use of the H.V. capacitor
bank in parallel with the CLD. Prototype #10, equipped with 15 cm diameter Bruce
profile electrodes in a 30.5 cm diameter ceramic, successfully commutated currents
as high as 7.5 kA (32 uF) with a recovery voltage of 45 kV. Prototype #11, equipped
with 15 cm diameter, cup electrodes in a 30.5 cm diameter ceramic, also successfully
commutated currents as high as 7.8 kA (48 uF) with a recovery voltage of 38 kV. This
was not a limit. However, the bellows failed due to contact with the electrode stem.

In order to study the effect of short arcing times on commutation ability, Proto-
type #11 had been equipped with two movable electrodes. We had planned to actuate
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the two electrodes simultaneously, but this plan was aborted due to the bellows
failure. Instead we substituted the previously tested Prototype #8. This proto- ‘
type contains a light movable "bridging" electrode which passes through a stationary

15 cm diameter Bruce profile electrode. The opposing electrode has a similar Bruce

profile geometry, and this more massive electrode is also mounted on a bellows. We

actuated the two electrodes of the 23 cm diameter prototype simultaneously, and

achieved a gap spacing of 20 mm in 1.5 ms. With electrode separation during the

initial current rise we commutated 10 kA (48 uF) with a recovery voltage of 47 kV.

With electrode separation near current crest, the commutation level was significantly

reduced to 6 kA. The preliminary conclusion was that rapid electrode separation

does not adversely affect the commutation level when the current at contact part

is only several thousand amperes. However, there were indications that the commuta-

tion level decreases for contact part at currents >6 kA. These high speed phenomena

were investigated further using Prototypes #13 and #14.

During the eighth quarter, Prototype #12 was tested. Prototype #12 contained 15 cm
diameter cup geometry electrodes within a 30.5 cm diameter ceramic. Two actuators
were used to give a maximum electrode separation of 2 cm in a minimum time of 2.2 ms.
A11 experiments were performed in a high voltage circuit with 48 uF of parallel
capacitance and a series connected vacuum interrupter. The prototype was associated
with high arc voltage and low voltage withstand which indicated poor internal vacuum.
However, despite a resulting erratic performance, a commutation level of 11 kA (48 kV)
was observed at an electrode spacing of 2 cm. This commutation level was achieved
even though the field was applied 2.8 ms following electrode separation at a current
level of 13 kA. This indicated that the initial columnar arc (7) may not ad-
versely affect the commutation ability.

These experiments contradicted previous tentative conclusions concerning the effect
of electrode separation at high currents. With Prototype #8 the commutation ability
decreased. However, with Prototype #12, the commutation level of 11 kA was achieved
following electrode part at 13 kA. However, the time of field application following
electrode part was significantly longer for Prototype #12. The faster electrode
separation permitted by Prototypes #13 and #14 helped to resolve this difference in

performance.

During the ninth and final quarter of Phase II, Prototypes #13 and #14 were tested.
Prototype #13 contained 15 cm diameter stationary Bruce electrodes spaced 20 mm
apart within a 30.5 cm diameter ceramic. Passing through holes in the centers of the
stationary electrodes were two 5 cm diameter movable bridging electrodes. Smaller
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diameter stems made of stainless steel were used to give a maximum opening separa-
tion of the bridging electrodes of 20 mm in 1.4 ms. A1l experiments were performed
in a high voltage circuit with 48 uF of parallel capacitance and three different
types of series connected vacuum interrupters were used. With high speed opening

on a rising 60 Hz current wave which gave a low separation current, a commutation
level of 9 kA (46 kV) was obtained. Maintaining the rapid separation speed but at

a higher separation current, a commutation level of 8 kA (31 kV) was observed. These
data supported the conclusions reached with Prototype #12 that the commutation level
was not adversely affected by the current level at contact separation, i.e., by the
initial columnar arc expected at the higher separation current.

In a second series of experiments using Prototype #13, a commutation level of 11 kA
(49 kV) was observed. Several beneficial factors that may have been responsible for
this improved performance include a) the use of a series vacuum interrupter pro-
vided with an axial magnetic field that prevents anode involvement and thus a more
rapid recovery voltage withstand and b) a voltage grading method that helped divide
the recovery voltage between the two vacuum devices.

Prototype #14 was similar to Prototype #12 but with stainless steel stems and cup
electrodes of reduced mass. The electrodes were separated to 20 mm in 1.8 ms (Proto-
type #12 required 2.2 ms). A commutation level of 12 kA (48 kV) was observed. This
level was achieved under the same conditions described in the previous paragraph

for Prototype #13.

Additional experiments with Prototype #14 at the 10 kA (47 kV) level showed that
this device also was not sensitive to the level of separation current.

4-1 RESIDUAL CURRENT AND COMMUTATION MODES; PARAMETRIC STUDIES WITH SEALED DEVICES

4.1.1 Experimental Setup and Sample Data

A schematic of the circuit used to study current commutation from prototypes #1 and

#2 is shown in Figure 4-2. The transverse magnetic field (B-field) was produced by
discharging a capacitor into the two coils disposed on either side of the vacuum device
as shown in the schematic. The coils have eight turns each; they are 27 c¢m in dia-
meter and are separated by 34 cm. The peak value of the B-field and its time rate

of change, é, were parameters varied during these tests.

The contacts of the vacuum device were separated by means of the repulsion coil actu-
ator. The average velocity of separation ranged up to 6 m/sec. The arcing gap

length at the time of current commutation was varied from 17 to 33 mm.
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Figure 4-2. Schematic of the circuit used to study current commutation from the
vacuum device into R2'

The parallel circuit is composed of L2, C2 and R2 as seen in Figure 4-2. The capaci-
tance, CZ’ was either 14, 50 or 200 uF; the inductance, L2’ was varied from a mini-
mum of about 1 uH (due to the inductance of the Toop comprising the capacitor and

the vacuum device) to about 5.5 pH; R2 was either 1.15Q or 2.30Q, and the value was
selected to prevent the recovery voltage across C2 from exceeding 12 kV.

Single loops of 60 Hz current were supplied from our high power test facility. Shortly
after the start of current flow, the contacts of the vacuum device were parted cre-
ating a metal vapor arc between the separating contacts. As sketched in Figure 4-3,
the circuit current, I, and the current through the vacuum device, I], were nearly
identical up to the time the B-field was triggered. In general, the timing of the
B-field trigger was chosen to be at or near the crest of the 60 Hz wave for experi-
mental convenience. On the time scale used for Figure 4-3, the device current, 11,
drops instantly to zero while the circuit current is controlled by the parallel net-
work with a typical decay to zero as shown. When the circuit current reaches zero,
a back up breaker also experiences a current zero, and current ceases to flow.



60 Hz Wave
\

Figure 4-3. The circuit current, I, and the current, I,, through the vacuum device;
the B-field was triggered (and current commutation occurred) at or
near the crest of the 60Hz wave for experimental convenience.

The way in which I] decays to zero is a major objective of these studies. The most
common mode of current decay, defined previously as Mode 1, is shown in Figure 4-4.
Here, with data taken from a fast time sweep, we can see the essential details of

the current decay. A slight pip on the current trace marks the beginning.of the
rising B-field. Some 10 to 40 usec later, depending on the magnitude of B, the
threshold magnetic field is reached and the current starts to decay rapidly. For
purposes of analysis, we have identified the time te by the graphic construction

shown in Figure 4-4. The current switch-off time, ts’ is approximately 1.2 te when
the current decay follows a Gaussian curve. For values of current well below the Timit,
for a given set of parameters, the current waveshape follows the solid line, i.e.,

it goes to zero promptly. When I] is raised, we observed a tailing of the current

as shown by the dotted line in Figure 4-4. If this tailing starts at 200 A or so it
seems to decay to zero in times of the order of several multiples of te. If this
tailing or residual current starts at a level of more than 200 A, it does not decay
but persists for an uncertain time and then increases again. Under most circumstances
this current rises to approximately the circuit current level and commutation has not
been accomplished.

Under some conditions, however, this reignition leads to an oscillation of the cur-
rent in the device which results in a successful commutation. This Mode 4 commuta-
tion is depicted in Figure 4-5. The initial current decay is similar to Mode 1
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Figure 4-4. Details of the Mode 1 current decay.

but the residual current hovers for a time. Then I1 increases to approximately

twice the circuit current value and decays again to zero. The period of this current
oscillation is related to the period of the parallel circuit. Evidently the capa-
citor, Cz, continues to charge up during the time I1 is hovering at a Tow value.

Then a reignition of the arcing leads to a large current flow which discharges Cz.
The ensuing oscillation creates a current zero and permits the arc in the device to
extinguish. This leads to a successful current commutation. The practicality of
using this mode and its optimization was studied in later experiments.

Representative oscillograms of the current through Prototype #1 and the voltage across
it are shown in Figure 4-6. The parallel capacitor, C2, was 50 uF. Successful
commutation via Mode 1 is seen for the 3 kA and 4 kA cases while the 5 kA case shows

a failure from the residual current.

Figure 4-7 shows an example of current commutation via Mode 4. Here again, the

capacitance value C2 is 50 uF.
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Figure 4-5. Mode 4 current commutation.

The upper trace of Figure 4-8 shows the device current and the recovery voltage for
Prototype #2 with C2 = 200 uF. Here the commutated current is 10.5 kA, although
the mode of commutation cannot be identified on this Ims/div. timescale. The lower
trace shows the contact separation, d, and the circuit current.

4-1.2. Conclusions

These experiments revealed several new aspects. (1) The high speed oscillograms
allowed us to make more detailed comparisons with theoretical predictions which ap-
pear in Section 2, (2) a further mode of current commutation was found, Mode 4,

(3) we became aware that residual current can flow after most of the current has
been commutated from the device, and that ways must be found for dealing with this
effect, and (4) we succeeded in building devices that exhibit a comparatively long
life. In particular, Prototype #2 underwent 150 tests with currents ranging up to
12 kA and did not show any deterioration in commutation ability.



Figure 4-6. Representative oscillograms taken with Prototype #1; C, = 50uF,
d = Zcm.

500V/Div
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Figure 4-7. An example of Mode 4 current commutation from Prototype #1; C2 = B0uF

d = 2cm.
o
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Figure 4-8. Current commutation from Prototype #2; upper picture shows the device
current and recovery voltage; lower picture shows the contact sep-
aration and the circuit current; C2 = 200uF.

In addition to the above findings, a series of parametric studies were made at this
time. The details of these studies can be found in Appendix D-1. They are summa-
rized below:

6 Both Bpax and B should be large to achieve maximum performance. It
was possible that the apparent large Bpyy effect may actually be
due to longer duration of the magnetic field.

® The performance of the vacuum device improved beyond the theoretical
optimum B where the optimum is based on anode heating considerations.
In fact, at five times the optimum B , the performance was continu-
ing to increase. This illustrated that the mode of failure to commu-
tate was not excessive anode heating.

e Increased parallel circuit capacitance increased preformance. It
seemed probable that the faster rising voltage with small capaci-
tance caused reignition from the residual current.



e Larger diameter electrodes increased the device performance.

® We would expect only a modest increase of performance with a fur-
ther reduction of external circuit inductance.

e Even when these vacuum devices fail to commutate the current, the
current was still driven to a low value before failure.

4-2 PARAMETRIC STUDIES USING THE DEMOUNTABLE ARC CHAMBER

4-2.1. Introduction

The major objective of the demountable tests was to study the influence of differ-
ent contact geometries on the arcing behavior (a) prior to field application and
(b) during the interaction with the transverse magnetic field. Further, we wished
to observe the infiuence of the orientation of bar contacts with respect to the
applied magnetic field. Finally, it was our intent to investigate the differences
in arcing behavior for Mode 1 and Mode 4 commutations.

The results are presented in the form of commutation 1imits achieved in these ex-
periments, as well as in descriptions of the typical arcing behavior for the differ-
ent contacts. Emphasis is laid on describing the influence on successful commuta-
tion of the arc appearance before and after application of the transverse magnetic
field.

The commutation results obtained with the demountable arc chamber cannot be compared
to results obtained with sealed devices because (a) the rise time of the magnetic
field in the arcing space was much smaller in these arc chamber experiments due to
the metal chamber walls, (b) the arc chamber could not be baked, and adsorbed gas
layers at the chamber walls influenced interruption behavior, and {c) breakdowns
occurred between the electrode stems and the metal chamber walls, having the con-
sequence that the current bypassed the inter-electrode region.

4-2.2. Commutation Results

The results are summarized in Table 4-1. The commutation current is divided accord-
ing to the mode in which commutation was achieved. Mode 1 signifies a monotonical
and fast decrease of the current to zero, Mode 4 involves a forced current zero by
ringing of the parallel capacitive circuit following initially unsuccessful commu-
tation. It should be noted that higher commutation currents were obtained with

Mode 4 in all instances. The one exception was with the concave bar oriented paral-
lel to the magnetic field. Further, no Mode 1 commutation was observed when this bar
was oriented perpendicularly to the applied magnetic field.
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It must be noted that the commutation data of Table 4-1 must be interpreted with
caution. These experiments were performed in a metal walled chamber and, in all
cases of failure, a breakdown between the electrode stems and the chamber walls

ultimately occurred. The experimental conditions are given in Section 3-1.4.

Table 4-]
COMMUTATION RESULTS OF DEMOUNTABLE ARC CHAMBER STUDIES

Current Commutation Current
Variation Capacitance Mode 1 Mode 4
Contact kA uf kA kA
Cup, 10 cm diam. 1 -10.8 200 - --
Cup w. Cut,
paralliel to B 1.7 - 10 200 -- 1.7 (no movie)
Concave Bar:
parallel to B 1.3 - 12.1 200 1.9 (1.3)* -
perpendicular to B 1.5 - 12.4 200 - 2.74 (2.74)

50 -- 2.2 {no movie)
45° to B 1.25- 12.0 200 1.5 {1.25) 2.1 (no movie)
Convex Bar,
parallel to B 1.15- 6.2 100 1.15 {no movie) 1.7 (1.7)

Same with axial B 1.2 - 4.4 100 1.2 {(no movie) 1.8 (1.6)

* Number in parentheses gives current value for which movie was taken.

4-2.3. Description of Arc Appearances

Cup Contacts. In all cases, the arc became diffuse 1in less than 1.5 ms after the
initial bridge explosion. No anode spots were observed for currents below 11 KA.
After B-field application, grouping of cathode spots occurred.

Cup Contacts with Cuts. The arc remained confined to the contact half where the

initial bridge had formed. An anode spot formed on one corner of the contact at
currents above 2 kA. After B-field application, bunching of cathode spots was ob-
served together with movement of the cathode spots over the contact edge. At
higher currents, the anode jet remained pointing along the magnetic field vector.

The intensity of this anode jet subsided during the 1 ms period following field appli-

cation.
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Concave Bar Contacts. Usually one bridge was observed and the arc remained confined
to the corresponding side of the bar. The cathode spots would tend to spread con- .
tinuously in a circular fashion towards the contact center, but the arc would always

suddenly become reconfined. This periodic bunching occurred over periods between

200us and 500us and was accompanied by small voltage spikes (compare Ref. (8) and

(9). Transient anode spots formed at current levels of approximately 2kA,

and persistent anode spots appeared between 2.5 and 3kA. At current levels above

4kA, it was occasionally observed that the arc suddenly distributed over the entire

contact surface. As a consequence of the larger effective electrode area, the

anode spot disappeared and the arc voltage was lTower (see Fig. 4-9).

4.18 ms

4.3 ms

Fig. 4-9. Sudden arc expansion over entire contact, at 4kA, concave bar contact.

The anode spot reappeared around 6kA. For current values at contact separation of

2.5kA, bridge explosions were occasionally observed on both sides of the bar.

The arc observations after B-field application are split up according to the
orientation of the bar contact with respect to the magnetic field.

Contacts Parallel to B
The cathode spots moved in the retrograde direction over the contact edge.

Photographs from the two cameras then indicated the following sequence (See Fig. 4-10). .
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(a) line formation along the contact edge (b) a bunching of the cathode spots into
several groups and (c) further coalescing of the cathode spots in the individual
groups into single bright regions ("super-spots"). The time resolution and synchroni-
zation of the cameras was such that the (a) and (b) sequences could not be resolved
with certainty. In particular, there were occasions when the group of spots formed
before the cathode spots reached the contact edge.

In the cases where an anode spot was present, the radiation from the spot area
subsided over a time period of several hundred microseconds. Figures 4-9 and 4-11
compare arc appearances and arc oscillograms for a Mode 1 commutation and a failure
under similar conditions. The noticeable differences are that in the case of fail-
ure a brighter glow signals the release of adsorbed gas, the "super spots" persist
longer on the side surface of the contact, and a glow develops which seems to be
wrapped around the cathode.

Contacts Perpendicular to B. Groups of cathode spots moved in the retrograde

direction over the contact edge to the bottom side of the bar. The plasma then
curled around the contact edge into the interelectrode region; (see Figs. 4-12 and
4-13). This effect was more pronounced at higher currents (Fig. 4-13). No dis-
tinct difference in arc appearance was observed for Mode 4 commutation and failure
under similar conditions. It should be noted that in practically all instances,
application of the B-field Ted to an initial reduction in arc voltage as well as

a reduction in the arc voltage noise {see Figs. 4-12 and 4-13).

Contacts with a 459 Angle to B. The same arcing behavior was observed with this

geometry as with the contacts perpendicular to B. The preferred region for the
last gathering of cathode spots was the corner of the contact which pointed in the
retrograde direction with respect to the applied B-field. Comparison of Mode 1
commutation with a borderline failure (Figs. 4-19 and 4-15) shows that in the case
of commutation the cathode spots formed a line of groups in the center of the con-
tact and then disappeared within 100us. In the case of failure, the cathode spots
persisted for 400 to 600us after application of the magnetic field, and moved
during this time in the retrograde direction over the contact edge onto the bottom
surface of the bar. Simultaneously a bluish glowing layer of plasma built up
around the cathode. In addition to this indication of the metal vapor plasma we
saw a pink glow which signals the release of adsorbed gas from the quartz envelope.
At higher currents (~ 12kA) the area heated by the anode spot remained glowing for

T ms or Tonger,
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Fig. 4-13.
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Convex Bar Contacts, Parallel to B. With these contacts, cyclic bunching of cathode

spots was also observed. However, the arc did not remain confined to one side of the
. bar. After application of the B-field, the cathode spots assembled in groups at the

contact edge on the retrograde side (see Fig. 4-16), and subsequently moved over
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Parallel View Perpendicular View

Fig. 4-16. Convex bar contact, commutation at 1.7KkA.

the edge onto the side surface. In cases of failure, the cathode spots persisted
on the side surface, and a glowing layer developed around the cathode. Anode spot
involvement was distinct, but was probably augmented by a contaminated contact sur-
face.

There was less cyclic bunching prior to transverse field application when the arc
was subjected to an axial magnetic field. However, there were no distinct changes
in arc appearance when the transverse B-field was applied.

4-2.4 Conclusions

It is difficult to arrive at definite conclusions concerning the important causes
for failure or success of the commutation process. Persistence of cathode spots
on the side surface, build-up of a glowing plasma Tayer around the cathode, and
release of gas from the surrounding walls were all observed to mark the major
difference between Mode 1 commutation and failure. However, the time resolution
of our observations was not good enough to permit identification of cause and con-
sequence.
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There is no distinct difference in arc appearance for Mode 4 commutation and failure
under comparable conditions. At higher currents, no distinct dark layer is visible
in front of the anode. In the cases where Mode 4 commutation was observed, the
cathode spots had moved to the side or back surface of the contact. In a previous
report (ref. (1)we described a Mode 2 commutation in which the cathode spots moved
over the contact edge. Our present data suggest that this motion is an insufficient
condition for commutation, and that a current oscillation is also required.

We can draw several conclusions with respect to the influence of the contact
geometry on commutation and arc appearance.

A. Mode 1 commutation was not observed for several contact geometries and
orientations. However, a judgment based on the arc appearances prior to
and following field application indicates that Mode 1 should be possible
in all cases.

B. The large surface area of the cup contact prevents anode spot formation
at currents up to 11kA. However, the interaction between the arc and the
transverse magnetic field appears to be less pronounced than with other
contacts. The radial magnetic field generated by the current flowing
in the contact might be the reason for this observation. We considered
that the higher magnitude and faster rise time of the transverse magnetic
field in sealed devices would diminish this influence of the radial
magnetic field. Consequently, the ability of anode spot prevention up
to higher currents made the cup contact one choice for a practical device.

C. The cup contact with cuts is ineffective in producting useful current
division. A larger amount of inductance in the parallel current paths
has to be provided if parallel arcing contacts are to be considered in
the future.

D. The concave bar contact does not seem to be superior to the convex bar
when oriented parallel to the applied magnetic field. The arc appearance
is similar in both cases, and the higher commutation current is explained
by the higher parallel capacitance. The concave bar does have the dis-
advantage of promoting confinement of the arc to one contact half only.
This leads to early anode spot formation. However, the high value of
Mode 4 commutation current in the case of a concave bar oriented perpen-
dicularly to the applied magnetic field suggests that this arrangement
might prove promising for actual current Tlimiting devices. Unfortunately,
no data are available using the convex bar in the same arrangement.

E. It is difficult to compare conclusively the present results with data
obtained earlier with Bruce profile contacts (1) because there was no
quartz liner in these earlier experiments. Consequently, no successful
commutation was observed. However, the larger contact surface area
prevented anode spot formation up to currents of 14kA, and from our arc
observations we cannot single out one positive feature of the bar contacts
which would not be present with the Bruce profile contacts. Therefore,
large area Bruce profile contacts are also recommended for practical
devices.
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4-3 PARAMETER VARIATIONS USING TRANSVERSE MAGNETIC FIELDS AND OSCILLATING MAGNETIC

FIELD .

4-3.1 Experimental Results of Parametric Study Using Conventional Field Application
with Prototypes #2, #3, and #4

The experiments discussed in Section 4-1, and in this subsection, were performed
with transverse magnetic fields which rose rapidly to a peak value followed by a
slow decay to zero. This "conventional field" application is distinguished from
the "oscillating fields" discussed in Section 4-3.2.

Comparison of Cu-Bi Electrodes (Prototype #3) with CLR Electrodes (Prototype #1).
Prototypes #3 and #1 were almost identical and were equipped with 11cm diameter
Bruce profile electrodes within an 18cm diameter shieldless ceramic envelope. How-
ever, the electrodes in #3 were made from Cu-Bi (0.3% Bi by weight) material. Ex-
periments with #3 were performed at an electrode separation of 20mm and with a

parallel capacitance of 50uF. Two series of tests were performed with initial
rates of rise of magnetic field of 2.2 T/sec (Bmax = B/6000) and 4.4 T/sec (BmaX =
B/24000). Data comparing this electrode material with earlier Prototype #1 data
are shown in Figure 4-17. Copper bismuth has an inferior level of performance

compared with CLR by about 80%.

A further disadvantage of copper bismuth over CLR is the short life. After 38 experi-
ments the copper bismuth had shown some degradation whereas Prototype #1 was used for
61 experiments and is still in good condition.

Study of Residual Current Using Prototype #4. A special 18 cm diameter sealed device

was constructed with the movable electrode insulated from the metal end. This in-
sulation was the only difference from Prototype #1. The purpose of the experiments
with this device was to study the residual current and to study the effects of
greater B at the same peak magnetic field values. A sketch of this device is shown
in Figure 4-18 and two sample oscillograms are shown in Figure 4-19. The electrodes
are 11 cm diameter Bruce profile using CLR material. For all experiments the elec-
trode separation was 20 mm, and the parallel circuit capacitance was 50 uF.

The oscillograms of Figure 4-19 are for the case when the insulated metal end was
not connected. They show a substantial residual current. This illustrated that
the residual current flows between the electrodes and that the metal end does not
need to be involved.

When the metal end was connected to the movable electrode, the performance was in-
creased by approximately 25%. The extra area improved the performance. This .
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improvement took place regardless of whether the moving electrode was serving as a
cathode or anode. When the movable electrode was the anode, approximately 10% of
the current was carried by the metal end before commutation. If the device failed
to commutate, this fraction increased to 30% of the total current. When the movable
electrode was the cathode, less than 5% of the current was carried by the metal end
before commutation. If the device failed to commutate, slightly less than 25% of
the current flowed to the metal end.

Effect of Lower Inductance Magnetic Field Coils. Experiments described in Section
4-1 with CLR electrode material utilized 8 turn magnetic field coils connected in

parallel. There was some evidence that a more rapidly changing magnetic field
(higher B) would increase the sealed device performance. Thus, we constructed two
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Figure 4-18. Sealed device with isolated metal end, 18cm. diameter using Tlcm
diameter CLR electrodes (prototype #4)

turn coils to provide a more rapidly changing magnetic field and to permit series
connection to ensure equal current in each coil. Experiments with Prototype #4
with the end flange connected showed that these coils improved the performance by
approximately 10% at a given peak magnetic field.

However, when B and Bmax were increased still further (from 7700 to 9200 T/S and
0.23 to 0.28 T, respectively) we observed a decrease of performance. The new data
along with comparable earlier performance information appear in Figure 4-20. The
concTusion was that we had exceeded the optimum B for this external circuit. An
optimum B had previously been predicted from theory (1).

In order to check that the decreased performance with increased B was not due to
degradation of CLR electrodes, experiments performed at the start of the test series
were repeated. These experiments yielded identical commutation data. There was no
degradation after 64 experiments confirming (a) that CLR electrode material pro-
vides long device 1ife and a stable level of performance and (b) that Figure 4-20

is realistic.
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Figure 4-19. Commutation experiments with Prototype #4 showing residual current
flowing to the movable electrode (metal end of sealed device isolated from the
movable electrode).
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Figure 4-20. ITlustration of how at 9200 T/sec the optimum B has been exceeded,
11 cm dia. electrodes, 20 mm electrode separation, 18 cm envelope diameter.

Measurements of Excursion Current Using Prototype #2. At the borderline between
successful commutation and failure, a residual current of several hundred amperes

can flow in the sealed device for periods of tens of microseconds. In order to further
our understanding of this residual current, we measured the excursion current, Iex,

for a wide range of arc currents, I. This excursion current is illustrated in

Figure 4-21. The data in this Figure show that the excursion current continues to
increase with the circuit current. This observation suggested that auxiliary schemes
to commutate current would be necessary. These auxiliary schemes included the
application of a second magnetic field, oscillating magnetic fields and resonant
external circuits. Experiments using these auxiliary schemes for current commutation
are discussed in Section 4-3.2.

Conclusions.

e Use CLR electrode material for good performance and lohg device 1ife.

) Use Targe area electrodes. Even stationary current collectors connected
to either anode or cathode will improve performance.
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' @ Keep the arc voltage Tow by using electrode materials with Tow gas

content, rapid electrode separation, early application of magnetic
field, etc.

e Use auxiliary mangetic field schemes (a second magnetjc field, an
oscillating magnetic field, a resonant external circuit, etc) to
improve device performance.

4-3.2 Experiments Using Modulation of the Transverse B-field

Introduction

Experiments were run on both Prototype #2 and Prototype #5 to investigate the effect
of a variation of the transverse magnetic field on the ability of the device to
commutate. Both of these prototypes had 23 cm diameter ceramics and a length of

36 cm. Prototype #2 was equipped with 14 cm diameter Bruce profile electrodes, and
Prototype #5 had concave bar electrodes with a length of 15 cm and width of 7 cnm.

Two different types of experiments were run: (1) using two independent transverse
fields and (2) using an oscillatory magnetic field both with and without the ex-
ternal circuit tuned to the 2nd harmonic of the oscillating B-field. The first
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Circuit Current, I, kA

Figure 4-21. Measurements of the excursion current performance using Prototype
‘ #2. (25cm electrode separation, B = 7400 T/sec)
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type experiment attempts to suppress the residual current in a Mode 1 commutation ‘
while the second type attempts to enhance this current and subsequently optimize

a Mode 4 commutation.

Experiments Using Two Independent Transverse Magnetic Fields. Earlier experiments
had shown that for Mode 1 commutation, a small residual current can flow through
the vacuum device after most of the arc current had been commutated into the parallel

network. Typically, for arcing currents below the Timit of the commutation ability,
a residual current of less than two hundred amperes decays to zero in some tens of
microseconds. However, at the 1imit of commutation ability the residual current
was a few hundred amperes. This current does not decay, and leads to a reignition
of full current flow in the device. While the existence of this residual current
is difficult to explain, its possible connection to commutation failure suggested
that steps be taken to suppress it. For this purpose, a second independent trans-
verse magnetic field was used. It was anticipated that if indeed the residual cur-
rent were flowing in the arcing gap, this second field with a large é occurring at
the proper time would alter conditions and quench the remaining arc plasma. The
initial experiment was run with two pairs of 8 turn coils using Prototype #2. The
first field, B-1, had an ijnitial B of 100 T/sec and rose to a peak value in the gap
of 0.09 T in 160 psec. The second field, B-2, had an initial B of 5500 T/sec and
rose to a peak value of 0.23 T in 70 usec. The two coil pairs were arranged physi-
cally at right angles to prevent electrical interaction that might cause one to
trigger the other or induce damaging voltages in the power supplies. The pulse
size and pulse shape of the fields were held constant during the experiment and the
activation of one field did not change the characteristics of the other. The paraliel
network was similar to that used for the earlier tests on Prototype #2 and consists
of C2 = 50 uF, R2 =2.3 q and L2 a4 1.6 uH. The arcing gap was 2 cm at the time the
transverse fields were applied.

Figure 4-22 summarizes the data taken with Prototype #2. The two columns on the

Teft show the commutation ability of this device for the B-1 and the B-2 fields

used independently. The data on the right show the effect of using the two B-fields
together with the stronger field, B-2, delayed by the amount shown. A higher level

of commutation ability is noted at a delay of about 20 usec while the highest cur-

rent commutated occurred when the fields were applied almost simultaneously. Figure

4-23 is representative of the delayed case. Figure 4-24 contrasts the failure to

commutate 6 kA using the B-2 field only with the successful commutation of 6 kA

using the BT and B2 fields simultaneously. Note that the successful commutations

in these Figures are both Mode 1 current commutations. ‘
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Figure 4-22. Summary of data taken to explore the effect of two independent
transverse magnetic fields; Prototype #2 with C2 = 50uF, d - 2cm.
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Figure 4-23. Successful commutation of 5kA from Prototype #2 using two transverse
fields approx. 20usec apart; C2 = 50uF, d = 2cm.
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Figure 4-24. (a) Failure to commutate 6 kA with B2-field only
and (b) successful commutation of 6 kA with simultaneous application
of B1 + B2; Prototype #2 with C2 = b0 uF, d = 2 cm.

A second experiment using two independent transverse magnetic fields was performed
with two pairs of 2 turn coils using Prototype #5. The two transverse magnetic
fields were of approximately equal strength with an initial B of 6800 T/sec for

B-1 and 7200 T/sec for B-2. The peak fields were 0.2 and 0.23 T, respectively

and the peak was attained in 48 usec. The results of this experiment are shown in
Figure 4-25. The B-1 field lines followed the Tength of the bar while the B-2 field
lines followed the width of the bar (both fields were, of course, transverse to the
arc current). The two left hand columns in Figure 4-25 show the response of Proto-
type #5 to each field independently, and it will be noted that simultaneous field
application only equaled the performance with B-1 alone.

The experimental data in Figures 4-22 and 4-25 indicate only marginal improvements
with double field application, and we therefore decided to investigate the effect
of oscillating fields as described in the subsequent Section.
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Figure 4-25. Summary of data taken to explore the effect of two independent
transverse magnetic fields; Prototype #5 with 02 = B0uF, d = Zcm,

Experiments with an Oscillating Magnetic Field. The first oscillating field ex-

periments were performed with Prototype #5. Figure 4-26 shows a successful commu-
tation of 8200 A with an oscillating magnetic field. It will be noted that the arc
voltage is proportional to the absolute value of B, and oscillates at twice the
frequency of the magnetic field circuit. This commutation took 760usec. At lower
currents much more rapid commutations were observed. For example, at 7500 A the
commutation time was 140us. The increase in commutation Tevel using oscillating
magnetic fields with prototype #5 was about 60%. This substantial improvement led
us to investigate the phenomenon more fully in all subsequent experiments, and de-
tails of the theory and experiment are to be found in Sections 2-3 and 4-4 res-
pectively.
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Experiments Involving Tuning the External Circuit. Examination of the mode 4 commu-
tation illustrated in the oscillogram of Fig. 4-26, and consideration of the current
flow in the parallel circuit suggests that if this circuit were resonant at twice
the frequency of the magnetic field circuit (10.2kHz) the performance could be in-
creased. In the oscillogram of Fig. 4-26 the external circuit has a capacitance of

50uF and it is resonant at 17.2kHz.

We added inductance to the external circuit to bring the natural frequency down to
10.2kHz. We found that the extra inductance used to tune the external circuit
actually reduced performance by the small amount of approximately 10%.

Magnetic Flux
Density, B,
76 mT/div

0—.__...___

Arc
Voltage
1000 V/div

0____._

Current
5100 A/div

O—___

Ly

Time, 50 ps/div

Figure 4-26. Effect of oscillating magnetic field on the arc voltage, 50uF parallel
capacitance, 25mm electrode separation. Successful commutation of

8200 A.

4-38



An oscillogram of a commutation from 7400 A is shown in Figure 4-27, After the
current had been commutated into the external capacitance, Css the voltage across

C2 rose to 15kV whereupon the protective spark gap connected in paraliel with 02
flashed over and carried current until the normal current zero. This is illustrated
in the lower trace, total current, of Figure 4-27. The commutation is a simple

Mode 4. Note that the external circuit is resonant at twice the frequency of the
oscillating magnetic field.

Arc Voltage
2000 V/div

0_._

Arc Current
5100 A/div

Total Current
4100 A/ div

0__._

Time — 1 ms/div

Figure 4-27. Commutation from 7400 A with external circuit tuned to 10.2kHz and
the magnetic field oscillating at 5.1kHz, CZ = 50uF, electrode
separation 25mm.
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Conclusions.

Large peak magnetic fields and large B values up to 8000 T/sec
should be used for maximum device performance.

A single pair of coils is sufficient to provide the magnetic field.
These coils should be positioned as close to the device as possi-
ble for maximum efficiency and field uniformity.

An oscillatory magnetic field should be used because it promotes
Mode 4 types of commutation at higher levels of current and in-
creases device performance. For example, we cbserved a 60% im-
provement with prototype #5. A higher Q for the magnetic field
circuit increased the degree of improvement. The Mode 1 type of
commutation was unaffected by the oscillating magnetic field.

The external circuit should not be tuned to the appropriate fre-
quency by adding inductance to the parallel circuit as the extra
inductance may offset the expected improvement.

The external circuit should be tuned to the desired frequency by
adding capacitance.
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4-4 TUNING THE MAGNETIC FIELD AND EXTERNAL CIRCUITS; CLD's IN SERIES

4-4.1 Experimental Investigations Into the Effect of Tuning Both the Magnetic
Field and the Parallel External Circuit (Prototype #5)

Introduction. In the previous section we discussed the manner in which the arc
voltage oscillates at twice the magnetic field frequency. We determined that the

arc voltage approximately follows the absolute value of the magnetic field. We con-
sidered that the commutation ability would be improved if the external circuit were
resonant at twice the frequency of the magnetic field circuit. In these previous
experiments, the natural frequency of the magnetic field circuit, 5.1 kHz, was either
too Tow or the frequency of the external circuit, 17.2 kHz, was too high. We added
inductance to the external circuit to decrease the resonant frequency. However,
there was no increase in the performance; rather, we observed a small decrease of
performance. We attributed the decrease of performance to the extra inductance.

This seemed reasonable since larger arc voltages have to be developed to effect a
given rate of change of current in the external circuit. Our objective in the pre-
sent experimental series was to match the frequency of the external circuit to twice
the frequency of the magnetic field without increasing the external circuit inductance.
This was achieved by increasing the magnetic field frequency, and decreasing the fre-
quency of the external circuit by adding additional capacitance.

Experimental Results. For this series of experiments we used Prototype #5

which was still in good operating condition. We started at a condition with 50 uF
in the external circuit to permit comparison with earlier data. The circuit fre-
quency was 17.7 kHz. We used separate magnetic field supplies to power each of the
magnetic field coils. This permitted high peak magnetic fields, and in the 5 kV mode
the magnetic field frequency was 3.3 kHz. For this combination of circuit and mag-
netic field, the two frequencies were furthest apart and we anticipated poor commu-
tation ability from a tuning standpoint. In the 10 kV mode the magnetic field was
closer to the circuit frequency and was 6.5 kHz. We completed our experiments with
100 uF in the external circuit which reduced the circuit frequency to 13 kHz. We
again made measurements with the magnetic field frequency of 3.3 kHz, and in parti-
cular with the field coils powered by 10 kV supplies where the magnetic field fre-
quency was tuned to half the frequency of the parallel circuit. The four test
conditions are illustrated in Figure 4-28 and the parameters are listed in Table 4-2.
Only condition #4 of Table 4-2 represents a match of frequencies. The other three
conditions represent an orderly progression toward the desired match of frequencies.

Figure 4-29 illustrates the experimental results for two of the test conditions when
there is an external parallel capacitance of 50 uF. Since we are near the optimum
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Figure 4-28. Experiments with altering the natural frequency
of both the magnetic and the external circuits.

value for the rate of change of magnetic field, é, the performance of the device is
insensitive to changes in that parameter but the performance is somewhat greater at
the Tower frequency of 3.3 kHz. The reason for this improved performance is that a
Tower frequency magnetic field is associated with a greater peak value of B for a
given B.

It was impossible to compare all four experimental conditions at the same B and the
same peak B. In the past we resolved this dilemma by comparing all data at the same
B and being aware that greater peak B is usually associated with greater performance.
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TABLE 4-2

EXPERIMENTAL CONDITIONS FOR TUNING BOTH MAGNETIC
FIELD AND EXTERNAL CIRCUITS

Magnetic Field Circuit

External Circuit

Condition| Capacitance Vo]_tz_ige Natural Capacitance Natural Frequency Ratio
Number WF L:(r\rlnt Freqzﬁgcy, fB’ UF Freqll:ﬁr;cy, fe, fe/fB

1 480 5.0 3.3 50 17.7 5.4

2 480 5.0 3.3 100 13.0 4.0

3 120 7.1%* 6.5 50 17.7 2.7

4 120 7.1*% 6.5 100 13.0 2.0

*So as not to exceed the current rating of the power supplies.
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Figure 4-29. Experimental results with 50 nuF of parallel
capacitance, natural frequency of the external circuit
is 17.7 kHz, electrode separation is 25 mm.

The optimum B for all four test conditions appeared to be between 5 and 6 kT/s,

but values as high as 8 kT/s did not seriously degrade performance. We chose to
compare the commutation 1imit for the four test conditions at 5.5 kT/s and the data
are illustrated in Figure 4-30. It will be observed that tuning the external or
magnetic field circuits did not have any significant effect on performance. The
reason why an increase in capacitance from 50 to 100 puF did not give a more pro-
nounced increase of performance is not clear.

Conclusions. The results of these experiments are somewhat confusing when compared
to the conclusions of Section 4-3.2. However, we can conclude that an oscillating
magnetic field improves device performance and that the frequency of the external
circuit should be > than twice the magnetic field frequency. Evidently, the combina-
tion of the above two improvements were not additive at least for the bar shaped con-
tacts of Prototype #5.
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Figure 4-30. I11ustrat{on that tuning both the magnetic field circuit and the
external parallel circuit didn't have any effects; at least for
ratios greater than two.

4-4.,2 Comparison of the Commutation Ability of Prototype #4, Prototype #5, and
Their Series Combination

Introduction. The experimental setup shown in Figure 4-31 was used to compare the
performance of two devices individually and then in a series combination. As we
found previously, the Mode 1 commutation seemed to be limited by a persistent small
residual current flowing in the device after most of the circuit current has been
commutated. This residual current can lead to a reignition of the vacuum arc and
commutation failure. One rationale behind the present experiments was to begin

the commutation in one series device. When the residual current level was reached,
a transverse magnetic field would then be applied to the second series device at the
optimum time, with highest é, and with maximum effect.

We also wanted to investigate whether Mode 4 commutations would be aided by a series

arrangement of devices. We considered that such a series arrangement might hold off
arc reignition for a longer time and this would allow capacitor 62 to accumulate
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Figure 4-31. Schematic of the experimental setup used for testing two CLD's in
series.

more charge. A larger charge on C2 should lead to a more vigorous oscillation of the
current in the external circuit (the loop formed by CZ’ L2 and the vacuum devices)
and therefore to a more definite current zero in the device with subsequent arc
extinction.

Experimental Details. Two previously used devices were used in these experiments.

Prototype #4 had 18 cm diam. ceramics and was equipped with 11 cm diam. Bruce profile
electrodes. Prototype #5 had 23 cm diam. ceramics and contained concave bar electrodes
with a length of 15 cm and width of 7 cm. The contacts of each device were parted
immediately after the start of current flow and opened with a velocity of 5 m/sec.

Identical pairs of two-turn coils were used on each device. Each pair of coils was
connected electrically in series and powered by its individual 5 kV/10 kV power supply.
In the 5 kV mode the power supply capacitance was 480 uF and the transverse field
oscillated at a frequency of 2.5 kHz (t/4 = 100 psec). In the 10 kV mode the power
supply capacitance was 120 uF and the field oscillated at 5 kHz (t/4 = 50 usec).

In both cases the damping factor given by In (A1/A2) was 0.3. Although the 28 cm
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diameter field coils were identical for the two devices, the separation of these

coils was different and this led to differences in the initial rate of rise of
magnetic field and in the peak value of the magnetic field. The coils on Proto-

type #5 were separated by 28 cm and the first peak of the field was 0.18 Tesla.

The coils on Prototype #4 were separated by 23 cm and gave a magnetic field with a
first peak of 0.28 Tesla. All of the data were taken under these conditions which

led to initial é's for #5 of 2900 T/S or 5800 T/S, and for #4 of 4400 T/S or 8800 T/S.

The two transverse magnetic fields were turned on from a common trigger pulse at a
nominal time of 3.5 msec after the start of the 60 Hz current flow. The arcing gap
(or gaps) was 15 mm at this time. The nominal trigger-on time was varied from 3.0
to 4.0 msec under some conditions to search for the optimum time/gap setting. A
second pulse delay generator was used to vary the relative time between the start
of the two fields by + 30 usec.

Almost all of the data were taken with the capacitor C_across the series combination
equal to 50 uF. This produced a ringing frequency of the external circuit of 13 kHz
(with a logarithmic decrement of 0.34). When C2 was changed to 100 pF, the ringing
frequency of the external circuit was reduced to 9.1 kHz with a logarithmic decrement
of 0.38.

General Results. A1l of the data for C, = 50 uF are displayed in Figure 4-32. The
commutation ability of each device alone is shown in the left two columns. These

data were taken by operating each device separately in the setup of Figure 4-31.
Both devices gave their maximum commutation performance at the larger value of B.
Each device showed a 1imit of about 6.5 kA under these conditions.

The right hand side of Figure 4-32 shows the performance of the series combination
of these two devices. The relative delay of the transverse magnetic field applied

to Prototype #4 was varied as indicated. The highest currents commutated for the
various conditions occurred for simultaneous application of the transverse fields.
The series combination shows a commutation 1imit of about 8.7 kA and thus an improve-
ment of 33% greater than the individual device limits.

Discussion and Conclusions for Series Operation of CLD's. The results of these

experiments using two devices in series showed a 33% improvement over the current
commutation ability of one device alone. However, the conditions of the experiment
were not optimum in that the two devices were physically and electrically different.
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Figure 4-32. Summary of data taken to explore the effect of two devices in series:

Cz = 50uF.

Prototype #4 seemed to perform best in the Mode 1 type of commutation while Proto-
type #5 performed best in the Mode 4.
seemed to be a restrike rather than a reignition of the arc from a small residual
current. We considered that the ability to withstand restrikes could be improved,
with consequent improvement of commutation ability, by ensuring equal distribution
of the recovery voltage between the two series devices. This distribution was not
monitored in the present experiments, but an unequal distribution seems 1ikely since
the prototypes were of different sizes and designs.

The mode of failure of the series combination
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4-5, EXPERIMENTS USING PROTOTYPE #7 WITH CONVENTIONAL OSCILLATING MAGNETIC FIELD
APPLICATION

4-5.1 Introduction

Prototype #7 was constructed using an 18cm diameter ceramic envelope with the
electrodes oriented 90° from the usual configuration. A sketch appears in Fig. 4-33.
It will be noted that the CLR electrodes are oriented along the long

axis of the interrupter in a configuration which permits the application of rela-
tively uniform magnetic fields, with high rates of rise, to large area electrodes.
The movable electrode is 20cm long and the stationary electrode is 28cm long. This
stationary electrode is partially split in order to promote the formation of parallel
arc paths. Figure 4-33 shows the electrically resistive stainless steel pin used to
connect and support the two halves of the stationary electrode.

One of the Two Round
Magnetic Fieid Coils
Which Supplied the Axial
Magnetic Field

One of the Two Rectanqular Magnetic
Field Coils Which Supplied the Transverse

Stainless Steel Pin Magnetic Field

to Promote Current
Division

Connection to one ) =
Stationary Electrode i Moving Electrode

Moving Electrode Stem

Fig. 4-33. Illustration of the magnetic field orientation for the experiments per-
formed with the solenoidal field prototype #7.

Because of the relatively fragile construction of this device we utilized slow opening
and slow closing of the electrodes. For all experiments the electrodes were sep-
arated to 20mm in 25ms by using low energy in the capacitors of the repulsion coil
circuit and by connecting the coils electrically in series. Dashpots were used to
provide the slow closing. The relatively long time, 25ms, to achieve maximum
separation necessitated the use of D.C. keep alive techniques (1). Once the
electrodes were fully separated, a half cycle of 60Hz AC current was applied. The
stationary electrode was anode.
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4-5.2 Experimental Results with Axial (solenoidal) Magnetic Field

An oscillating magnetic field was applied along the axis of the device utilizing the

round coils shown in Fig. 4-33. Parallel capacitances of 26 and 1000uF were used.
Because of the small diameter of these coils and their small spacing we achieved B
and Bmax values larger than we had previously achieved. The results of these ex-
periments are shown in Fig. 4-34 where lines are drawn through the points of high-
est current commutated at each value of B. The results show an increasing commu-

tation ability with increasing B.
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Figure 4-34. Experimental results with an axial magnetic field applied to proto-
type #7 with two values of parallel capacitance: 26 and 100yF,

Electrode separation was 20mm. Both mode 1 and mode 4 data are shown.

Experimental results at 50uF appear in Figure 4-35. When the device was new the
commutation ability was relatively independent of B, with possibly a maximum commu-~
tation ability at 10kT/s. When the device was retested after 90 experiments, there

was a degradation in performance of 10%. Further, the maximum commutation ability
was observed at 15kT/s.

4-5.3 Experimental Results with Transverse Magnetic Field

Prototype #7 was originally designed for an axial magnetic field orientation. The
concept involved applying a field along the axis of the interrupter which would be
transverse to the arcing path between the electrodes. It will be noted that a field
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Fig. 4-35. Experimental results with an axial magnetic field applied to prototype
#7 with 50uF of parallel capacitance and 20mm electrode separation.
Both mode 1 and mode 4 data are shown.

can also be applied transverse to the axis of the interrupter, and that this field
will also be transverse to the arc path.

In order to gain experience with devices where the magnetic field is applied across
the long dimension of the electrodes, we used the rectangular coils of an earlier
experimental series to apply a transverse magnetic field. The rectangular coils

and their orientation with respect to the sealed device are illustrated in Fig. 4-33
The data for the experiments are illustrated in Fig. 4-36 for three values of
parallel capacitance: 26, 50 and 100uF. For the transverse magnetic field there

is an apparent optimum rate of change of magnetic field between 4 and 7kT/s.

4-5.4 Discussion of Test Data

Table II summarizes the data for the two directions of the magnetic field and three
values of parallel capacitance. We see that the highest commutated current
increased with parallel capacitance. Further, the performance with 26 and 1000uF
of parallel capacitance is greater with an axial magnetic field orientation.
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Fig. 4-36. Experimental results with a transverse magnetic field applied to proto-
type #7 with three values of parallel capacitance: 36, 50 and 100vF.
Electrode separation was 20mm. Both mode 1 and mode 4 data are shown.

We can obtain a quantitative measure of the effect of increased parallel capaci-
tance and magnetic field orientation by using regression techniques. Ignoring the
one data point at 50uF (axial magnetic field) an equation can be fitted to the
remaining five data of Table 4-3 with the form

I = 1.4 x 10° kc9-33

where I is the current in amperes, C is the parallel capacitance in farads and

K = 1.11 for axial magnetic field
1.0 for transverse magnetic field
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Thus the performance is proportional to CO'33 which is consistent with earlier(4-2)
results, and the performance with an axial magnetic field orientation is 11%

greater than with a transverse magnetic field.

In comparing the performance of Prototype #7 with other prototype devices, the
initial reaction to Table 4-3 is that the performance was only moderate, parti-
cularly since the combined area of the movable and stationary electrodes was
23Ocm2. For example, we had previously commutated 5.4, 8.3 and 10kA in Prototype
#5 with smaller area electrodes of 213cm2. However, the latter tests were per-
formed in 23cm diameter devices.

Table 4-3

Summary of the Experimental Results
for the Solenoidal Field Device

Parallel Highest
Magnetic Field Capacitance Commutated

Orientation uF Current, kA

Axial 36 4.4

Axial 50 4.4

Axial 100 7.3
Transverse 26 4.1
Transverse 50 5.3
Transverse 100 6.1

Maximum commutation levels achieved in various prototypes as a function of electrode
area, envelope diameter, and parallel capacitance are plotted in Fig. 4-37. It

must be noted that the data in this figure represent the highest currents commutated
from Prototypes #2, 4, 5 and 6 (Phase II) and Prototypes #2, 3 and 4 (Phase I).

Many of these prototypes were tested without oscillating the magnetic field, and
this qualifies the comparison with Prototype #7. In general the lines in Fig. 4-37
connecting data for the same diameter envelopes have a positive slope signifying in-
creased performance with increasing electrode area. However, when we compare the
solid points (23cm diameter envelope) to the open points (18cm diameter envelope)
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Fig. 4-37. Experimental data showing larger envelope diameter has been more ef-
fective for increasing device performance than has increased electrode
area.

for a given parallel capacitance we see a marked improvement with envelope diam-
eter. Since envelope diameter appears to be a dominant parameter, we should

judge the performance of Prototype #7 by comparing the commutation ability with that
of other 18cm devices. On this basis, Prototype #7 commutated a higher current

than any other 18cm device at parallel capacitance Tevels of 26 and 100pF. At a
capacitance level of 50uF, Prototype #5 with Bruce profile electrodes commutated
5.5kA compared with 5.3kA for Prototype #7.

4-5.5 Conclusions

The novel design of Prototype #7 allowed the exploration of current commutation at
higher values of é with our existing power supplies. The design of this Prototype
also allowed for a much larger contact area in an 18cm dia. envelope. Moreover,
these tests showed that:

e Values of é greater than 8 to 10 kT/secdid not lead to high commutation
capability at least with 50uF of parallel capacitance.
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e The commutation ability of this novel prototype deteriorated after about
90 test shots.

e The larger area of the electrode did not produce a greater commutation
ability.

o The highest current commutated by Prototype #7 was about equal to that of
other 18cm dia. devices.

e The data seemed to confirm the idea that large envelope diameter is more
important than large electrode diameter.

4-6 EXPERIMENTS WITH VARIATION OF DEVICE GEOMETRY AND CIRCUIT PARAMETERS

4-6.1 Experiments using Prototype #8 with a Third Low Mass Arc Initiation Electrode

Introduction

In a practical current Timiting device the electrodes must be separated a distance
of 20 to 30mm in 1 to 1.5ms. With the Targe and massive electrodes needed to
maintain a diffuse arc, the forces required to achieve this separation are quite
large. These forces could be reduced if the device contained two large and
massive electrodes which were permanently separated by the required spacing, with
a third low mass arc initiation electrode to carry the continuous current. Proto-
type #8 was designed to implement this concept and a schematic is shown in Fig.
4-38. 1Items 1 and 2 are the two relatively large CLR electrodes and item 3 is

the movable arc initiation electrode which was also made of CLR. Item 4 is the
current carrying support structure for electrode 1 and item 5 is a flexible
connector to carry the current from electrode 1. The envelope is 23cm in diameter
and the electrodes are 15cm diameter Bruce profile. Electrode 3 has only 48% of
the mass of electrode 2. Electrode 2 is typical of electrode and stem designs
used in previous prototype vacuum interrupters whereas electrode 3 represents a
reduced mass arc initiation electrode.

We can make an approximate calculation of the advantage to be gained by using an
electrode with 48% of the mass. With a constant acceleration, a, an electrode of

a given mass, m, could be moved a distance s in a time t where

S (1)
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Or

Fig. 4-38 - Schematic of Prototype #8 with the Tow mass bridging electrode

If instead we have a mass of 0.48m, it would accelerate by the same force at a
larger acceleration, fr%ﬁ" We would achieve the same distance or separation, s,

in a time t2 where

t =

2s. 0.48
2 a

= 0.691‘,-|

Hence, 48% of the mass reduces the time to achieve a given separation by the square

root of the mass reduction, 69%

Objectives of the Experiments

The objectives of this series of experiments was to keep the large movable electrode
stationary and move only the low mass electrode. The large electrodes, items 1
and 2 of Fig. 4-38, were separated by 20mm for all experiments. Electrode 3 was
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withdrawn through a hole in electrode 1, and could be separated from electrode
2 a distance greater than 20mm.

First we delayed the opening of the low mass electrode in such a manner that the
desired separation was achieved at the crest of the current. This technique has
the advantage of minimizing damage to the device if it should fail to commutate
the current. Following this series of experiments, we eliminated the delay so
the desired separation was achieved with a slightly rising current immediately
prior to current crest.

Finally we applied the magnetic field approximately 2ms after the start of the
current to achieve true fault current limitation. In the past experiments we
had either used a direct-current keep alive technique to maintain the arc to

achieve true fault current Timitation or we had commutated near the crest of the
current.

Figure 4-39 shows an oscillogram of the travel of the Tow mass electrode. This

Travel 0
0

20 mm

29 mm

Velocity 14 m/s

Travel

Time, 1 ms/Div

Fig. 4-39 - Typical travel and velocity oscillogram for the small electrodg of
Prototype #8. There was 20mm separation in 2.6ms (2.7ms + 0.5ms of dead time)
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oscillogram is typical of all 38 experiments. We achieved a maximum velocity of .
14m/s without damage to either the actuator or the bellows. We considered this
quite an accomplishment,

Experimental Results

When we commutated at the crest of the current utilizing delayed opening we could
commutate only 8.6kA. We even had some failures to commutate at 8.6kA. When we
eliminated the delay and applied the magnetic field immediately prior to current
crest we could commutate 10kA and an oscillogram is shown in Figure 4-40. The
electrode spacing is 20mm.

10 kA

Total Current

23 mm
Travel 0
8 6.8 kT/s
0
10 kv

Arc Voltage

0
10 kA

Arc Current

Time, 50 ps/Div

Fig. 4-40 - Oscillogram of a 10kA commutation using Prototype #8 with the small
electrode the cathode. C = 50uF, separation 23mm, R - 3,33Q
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When we applied the magnetic field 2.2ms after the start of current we commutated
8.5kA. Here the small electrode was only separated by a distance of 12mm from
the opposing electrode. Because of concern about the asymmetry of the device
design, we ran experiments with the small electrode connected both as anode and
the cathode. There was no detectable change in commutation characteristics.

Discussion of the Experimental Results

The performance of Prototype #8 was definitely inferior with delayed opening.
Comparing oscillograms with and without delay we saw that:

e With delay the current was fluctuating before the magnetic field was
applied. This signified a higher and more fluctuating arc voltage prior
to the application of the magnetic field. With or without the delay, the
arcing times were identical.

e MWithout the delay, the application of the magnetic field resulted in a
larger and more rapidly rising arc voltage.

One possible implication of the above was that one should open as quickly as
possible when a fault is detected, and that a mechanism design with significant
dead time was undesirable. A further possible reason for the observed behavior
was that when electrodes are separated at Tow currents, the cathode spots spread
out quickly and a diffuse arc is formed. Separating electrodes at high currents
may result in a constricted arc column with a consequent decrease in current
commutating ability (7).

Conclusions

Although we could not commutate 10kA at 2.2ms after the start of current, we

could commutate 8.5kA. This was a relatively large current for an electrode
separation of only 12mm. With Prototype #2 we commutated 6.4kA into 50uF using
26mm electrode separation. This same 23cm diameter device commutated 10.2kA

into 200uF using 20mm electrode separation. Prototype #8 commutated 10kA into
S50uF with 15cm diameter Bruce profile electrodes separated by 20mm. We considered
that the rapid electrode separation used in experiments with Prototype #8 was

the reason for the improved performance. These experiments also indicated that

a low mass bridging electrode can be used in a current limiting device to im-
prove the effective speed of electrode separation.
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4-6.2 Experiments using Prototype #9 with Cup Electrodes

Introduction

Experiments with Prototype #6 and the demountable arc chamber showed that the

cup electrode design was useful for maintaining a diffuse arc and for high current
commutation. Prototype #9 was constructed with 15cm diameter cup electrodes in

a 23cm diameter envelope.

Objectives of the Experiments

The first objective of these experiments was to compare the cup electrode geometry
with other electrode designs. These electrodes are quite massive, and in order to
compare with earlier data at the same electrode separation we had to stress the
actuator and coupling to its limit. Coupling breakage had been a problem in the
past with less massive electrodes. In order to reduce the stress on the actuator
and coupling, the repulsion coils were electrically connected in series; further the
high voltage capacitor of the two stage power supply was only charged to 1150V but
the high energy capacitors were charged to 1030V, a relatively high voltage. The
combination of these two parameter changes resulted in a relatively low accelera-
tion at the beginning of the stroke with a relatively long dead time of 0.5ms.
However, the large available energy resulted in a continued acceleration, and we
were able to achieve the desired 2imm in 4.2ms without breaking the coupling or
actuator.

The second objective of this series of experiments was to investigate the effect
of a series connected standard vacuum interrupter. The purpose of this series
device was to interrupt the current if the current Timiting device induced

current oscillations severe enough to produce zero crossings. A secondary purpose
was to gain experience for eventual application in 72kV or higher voltage circuits.
The standard vacuum interrupter had arc shields and electrodes which permit high
current interruption and high voltage withstand. Hence, the current limiting de-
vice would force the current to zero, but the standard interrupter would hold off
the subsequent high voltage transient. A schematic of the test circuit is shown

in Figure 4-41. The series connected vacuum device had no magnetic field coils.

The third objective of these experiments was to use iron cores in series with the

vacuum device in order to reduce the rate of change of current after a current
crossing. This would facilitate current commutation. Schematics of the two
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Fig. 4-41 - Circuit for prototype #9 experiments with series connected vacuum device.

circuits used to investigate the effect of the iron cores are shown in Fig. 4-42.
In Fig. 4-42a the iron cores are in series with the vacuum device. Here, when
IFault is being commutated from the vacuum device into the capacitance, the iron
cores are in the circuit to reduce the rate of change of current after the current
crosses zero. In Fig. 4-42b the iron is not in the capacitor circuit and neither
helps nor hinders the commutation. Further there was a spark gap connected in
parallel with the capacitor which protected the capacitor by Timiting the voltage
to 10kV. This spark gap continued the flow of current through the iron cores.

In Fig. 4-42b the current in the iron cores did not go to zero until well after
the commutation was complete.

Experimental Results

Figure 4-43 shows the commutated current as a function of capacitance. The data
are consistent with past results which showed that the current which can be
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Fig. 4-42 - Schematics of the two circuits used to evaluate the effect of saturable
iron cores in the capacitor-vacuum device circuit.
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commutated was proportional to the capacitance raised to the 0.4 power. At each
level of capacitance we commutated a record high current. An oscillogram of the
12kA commutation into 50uF is shown in Fig. 4-44. We will comment Tater on the

strange behavior of the arc current and arc voltage during the Ffirst half cycle
of magnetic field (the first 100uns).

14 + -
[ ]
12 + ]
(o]
< 10 - ® o -
e -
5
2 ° °
< () = —
. e Failure
Commutation
o Success
4 -
} ] | | {
10 20 40 60

External Parallel Circuit Capacitance, C2' uF

Fig. 4-43 - Experimental data for Prototype #9 with 15cm. dia. cup electrodes
separated to 21mm in 4ms. and with standard vacuum interrupter connected in
series at 26 and 50uF only. B= 6.8kT/s. There was no iron in the capacitor
circuit. Dataare consistent with I ~ 02 .
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Table 4-4 shows data with and without iron cores in the circuit. With the iron
cores in the capacitor circuit the device performance is approximately 85% of the
value without the cores.

Table 4-4

EXPERIMENTAL RESULTS WITH PROTOTYPE #9 WITH
AND WITHOUT IRON CORES IN THE CIRCUIT

Paraliel Highest Lowest
Iron Capacitance Success Failure
Cores uF kA kA Mode
Yes 12 4.3 5.5 4
No 12 5.5 —— 4
Yes 50 9.8 11.0 4
No 50 11.0* 12.0 1

*We commutated 12kA earlier in the experimental series with a standard vacuum
interrupter connected in series.

With the standard vacuum interrupter, a type WX-32598, 18cm diameter device,
connected in series we commutated 12kA, see Fig. 4-44. However, there were
failures to commutate 13kA. The corresponding currents without the series
connected vacuum interrupter are 11 and 12kA. The series connected vacuum in-
terrupter appeared to have increased the performance by 1kA or approximately 9%.

By pushing the actuator even harder we increased the electrode separation without
any change in other parameters. While we could commutate 12kA with an electrode
separation of 21mm we could not commutate 10.8kA with 26mm of electrode separation
even though slightly larger arc voltages were developed: 5.7kV at 26mm vs 5.2kV
at 21mm,
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Conclusions

For each value of capacitance, we commutated the highest current Tevels achieved
up to this time. This illustrated that the 15cm diameter cup electrodes were
superior to any electrode design we had used, and were even superior to the 15cm

diameter Bruce profile electrodes used in Prototype #8.

The oscillograms (see Fig. 4-44 for instance) showed that the arc current (and the
arc voltage) are little affected by the application of the magnetic field during
the first 100us for the initial experiments, However, the arc current and

arc voltage were immediately affected by the magnetic field in later experiments.
It should be noted that the series connected vacuum interrupter was not responsible
for the lack of oscillations. On the other hand, experiments with the demountable
arc chamber showed the arc was slow to respond to the application of the magnetic
field when cup electrodes were used. We consider that the occasional lack of
immediate response of the arc current and arc voltage to the application of the
magnetic field was a peculiarity of the cup electrode design. However, this
phenomenon did not adversely affect the prototype's performance.

The initial experiments with iron cores were performed without background work to
determine the optimum usage of these devices. The cores were not insulated from
each other. Further, in their present mode of operation they add inductance to
the capacitor circuit and this extra inductance is responsible for the somewhat
reduced performance. Further discussion of the cores appears in Appendix D.

We again found that high current commutation ability was somewhat reduced by large
electrode separations. However, we appreciated that current commutation in a 72kV
circuit would require relatively large electrode separations of about 2cm in order
to withstand the high recovery voltages (see Section 6). Future experiments were

performed in high voltage circuits to duplicate the necessary recovery conditions.
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Oscillogram of a 12kA current commutation, using 15cm diameter cup
electrodes in a 23cm diameter device. 50uF parallel capacitance,
21mm electrode separation and B = 6.8 kT/s. Standard 18cm

dia. vacuum interrupter connected in series
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4-7 HIGH VOLTAGE CIRCUITS AND SERIES VACUUM INTERRUPTER

4-7.17 Study of a Vacuum CLD with Peak Recovery Voltage of 50kV

Practical current limiting devices in 72kV circuits must withstand in{tial peak
recovery voltages ranging from 50kV to 70kV. As discussed in Section 6, the exact
peak voltage will depend on the degree of current limitation required as well as
the network parameters of the circuit in which the CLD is installed.

In the studies of Sub-sections 4-1 through 4-6 we used experimental setups that
provided realistic initial rates of rise of the recovery voltage. However we
limited the peak voltage to approximately 15kV by means of a spark gap. In the
present experiment we used capacitors rated at 50kV and explored the performance
of a CLD with peak recovery voltages up to 50kV. The objectives of the experiment
were: (1) to devise means to obtain high recovery voltages (2) to find the
highest current that could be commutated by Prototype #9 under high recovery
voltages conditions and (3) to use a standard vacuum interrupter in series with
Prototype #9 for comparison purposes.

Experimental Approach {Dual Capacitor Banks)

The experimental setup used for these initial high recovery voltage tests is shown
in Fig. 4-45. This arrangement is similar to circuits used for previous CLD

tests except that the capacitor, Cs’ was part of an 80kJ capacitor bank located
about 30 meters from the test cell housing the CLD and its associated equipment.
One frame of this bank carrying 36 units of 0.88uF each (making CS = 31.7uF) was
connected by means of a coaxial cable. The inductance, Ls’ was the distributed
inductance of the entire external circuit with inductances of about 8uF each {in
the coax line, in the connecting bus at Cssand in the connecting cables, which
were non-coaxial, at the CLD. The total inductance was LS = 24.2yH.  The result-
ting frequency of the external circuit was thus 5.74kHz; the inherent Q of this
circuit was 8.5 with RS approaching infinity, and the Q was reduced to 3.4 with

Rs = 5Q.

Prototype #9 (23cm diam. ceramic, 15cm diam. cup electrodes) was used for the CLD.
This device had previously been evaluated in Tow voltage circuits as discussed in
Section 4-6.2. An 18cm diam. standard vacuum interrupter was in series with the
CLD.
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Results and Discussion

Because of the low ringing
large value of Ls, the frequency of the oscillating transverse magnetic field was
set at 2.5kHz for most of the experiments. This arrangement produced an initial
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Circuit for high voltage tests using dual capacitor banks

frequency (5.74kHz) of the external circuit, due to the
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é of 2900 T/sec and a Bmax of 0.185T. A small amount of data was also taken with
the frequency of the B field set at 5kHz. However, a precise limit of the current
commutation ability under this condition was not determined due to instrumentation
problems. A value of less than 4kA would seem to be the 1imit based on the charg-
ing voltage of C1 and the circuit impedance., These data, when compared with a
1imit of 6.1kA found for a B field frequency of 2.5kHz, suggest that the frequency
of the external circuit must be at Teast twice the frequency of the oscillating

B field for maximum Mode 4 performance of the CLD.

A summary of the data taken without opening the V.I. in series with the CLD is
shown in Fig. 4-46. For all the data, with RS = 600 or RS -+ «, the peak recovery
voltage was reached in approximately 600usec. For the data with RS = 50, the peak
recovery voltage was reached in approximately 400usec. The number near each data
point is the time duration in microseconds for the current commutation to be com-
pleted. Thus all of the commutations were type Mode 4 except the three at the
Towest current value (1.3kA) which were type Mode 1. In all the data taken in
these experiments, none of the failures to commutate could be attributed to a
recovery voltage restrike. The failure at 6.8kA was caused by the lack of a
forced current zero.

Finally, the vacuum interrupter in series with the CLD was opened in synchronism
with the CLD under the condition of RS = 600 and for arcing currents of 3.2kA.

A1l combinations of the voltages across the devices were measured with the two

H.V. Probes as shown in Fig. 4-45, In five tests, the total recovery voltage of
40kV divided with 34kV across the V.I. and 6kV across the CLD. The positions of
the two H.V. Probes had no effect on this result. We must assume that the
effective capacitance across the open CLD was approximately 6 times the capacitance
across the open vacuum interrupter. Alternatively, the effective resistance of
the CLD was a factor of 6 lower. In any event the standard interrupter "protected"
the CLD by withstanding 85% of the peak recovery voltage.

Conclusions

In this first attempt to use a CLD with high recovery voltages, we chose to use
the Dual Capacitor Banks concept. The second capacitor bank was located about 30
meters from the CLD. The large amount of inductance in the connecting cables led
to reduced performance. In this setup with Cs = 31.7uF, and é = 2900 T/sec the
maximum current commutated was 6.TkA. 1In a previous experiment using Prototype
#9, Subsection 4-6 , with Cs = 26uF and B = 6800 T/sec, a maximum current of 8.6kA
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was commutated. The two experiments also differed in that the oscillating B-field
in the present experiment was 2.5kHz (in order to be less than half the ringing
frequency of the external circuit) while the previous experiment used an oscillat-
ing B- field of 5kHz. This was less than half of the frequency of its external
circuit. Nonetheless, the Dual Capacitor Banks concept is a viable means to
test CLD prototypes with high recovery voltages.

Moreover, the experiment met its primary objective of producing a peak recovery
voltage of 50kV after commutating a current of 4kA. No restrikes or reignitions
were experienced and therefore these figures are neither a voltage nor a current
Timit for the CLD in this experimental setup.

Additionally, we showed that with a standard vacuum interrupter operating in
series with the CLD, 85% of the peak recovery voltage appeared across the standard
vacuum interrupter. Specifically the standard interrupter withstood 34kV (not a
Timit) while the CLD withstood 6kV. Since the CLD alone withstood a peak recovery
voltage of 50kV (again not a 1imit) we can conclude that the series combination
should be capable of withstanding significant recovery voltages.

4-7.2 Experiments with Prototype #10 in Circuits Limited to 20kV or lLess and
Without a Series Connected Vacuum Interrupter

Previous experiments had shown a consistent increase of current commutating ability
with increased envelope diameter. For example, we achieved greater performance
using 23cm diameter devices, with relatively small area electrodes, than we did
with 18cm diameter devices. 1In order to capitalize on this observation we con-
structed an even larger diameter 30.5cm device, It incorporated 15cm diameter
Bruce profile electrodes made of CLR material.

The first objective of this experimental series was to investigate the effect of

larger envelope diameter keeping other parameters as constant as possible.

An immediate difficulty concerns the magnetic flux density. With a larger envelope
the magnetic field coils must be placed further apart, and the magnetic flux
density reduces approximately as the reciprocal of the coil separation. Further,
the profile of the magnetic flux density in the region of the electrodes will be
different. In order to maintain the profile of flux density we used larger
diameter magnetic field coils. However, the size of these coils further reduced
the peak magnitude and rate of change of the magnetic flux density. In order to
compensate we used two separate magnetic field power supplies, one for each coil.
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This enabled us to maintain as closely as possible both the magnetic flux density
and the rate of change of flux density.

Selection of Magnetic Field Power Supplies

The supplies could not be connected electrically in parallel since they would

have been damaged by the large circulating current. Further they could not be
connected electrically in series since they would be damaged by the voltage., We
therefore connected each supply to a separate coil and triggered them at the same
time. Even though the supplies were limited in the current they can deliver, the
separate coils presented a lower inductance and we were therefore able to increase
B. This approach had three disadvantages: the impedance of one coil was not
large enough and excessive currents could have been drawn if the capacitors of the
power supply had been charged to the fuli value, the two circuits would not os-
cillate at exactly the same frequency, and the magnetic flux produced by one coil
would not remain synchronized with the other for long periods.

We also investigated using one power supply to deliver current to both coils connect-
ed electrically in series. This has the advantages of a better impedance match

and a guarantee that the current in each coil is identical. The results of ex-
periments with the different magnetic field power supplies and with different
charging voltages are presented in Table 4-5. Basically there was a slight ad-
vantage to using two independent supplies, and subsequent experiments were per-
formed with this arrangement.

Comparative Commutation Data

Figure 4-47 shows the circuit for experiments with Prototype #10. There was a
spark gap {not shown) in parallel with C, to Timit the voltage to 10kV (50uF) or
to 20kV (26uF). The results are shown in Table 4-6 and comparative data are shown
for other prototypes. The interruption performance at 50uF was disappointing,
although the commutation level at 26uF was reasonably high.

Examination of the oscillograms showed that Prototype #10 easily forces a current
zero but subsequently conducts again during voltage re-application. An example
of this behavior is shown in Fig. 4-48. Here the current had been forced through
zero several times. Typically the voltage across the vacuum device would rise to
4 to 6kV, and conduction would resume with a collapse of the voltage.
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Table 4-5

EXPERIMENTS WITH THE MAGNETIC FIELD; NO SERIES CONNECTED VACUUM INTERRUPTER

Field Coil
Power Supply
Number of Capacitor Parallel Rate of change Time of magnetic Highest
magnetic field charging Circuit Peak magnetic of magnetic field application current Lowest
power supplies voltage, Capacitance flux density flux density after start of commutated failure
used ky uF T kT/s current, ms kA kA
1 9.9 50 .14 4.0 4.0 7.8 8.7
2 2.5 50 .05 1.6 4.0 -——— 7.8
2 5.0 50 .09 3.3 4.0 8.4 ---
2 8.0 50 .14 5.2 4.0 8.3 -
1 5.0 26 .08 2.2 4.0 ——— 5.0
1 7.0 26 1 3.0 4.0 5.0 -——-
1 9.9 26 .14 4.0 4.0 7.7 9.0
2 8.0 26 .14 5.2 4.0 7.7 8.9



7
: 7

Vacuum Device

Fig. 4-47. Circuit for experiments with Prototype #10

With 26uF of parallel capacitance we commutated 7.7kA. Results of experiments
with other devices at 26uF appear in Table 4-6, and comparison of the data show a
consistent increase of performance with envelope diameter.

Effect of Electrode Separation on Commutation Ability

The above experiments were performed at an electrode separation of 2 to 2.7cm. We
performed an experiment to determine whether even larger electrode spacings would
increase commutation ability, and to do this we charged the capacitors in the
actuator power supply to a higher voltage. We achieved an electrode separation of
25mm without changing any of the other parameters such as time of field application,
the peak value of the field, and the rate of change of magnetic field. The results
are presented in Table 4-7. Basically, at this current level the performance was
insensitive to electrode separation.
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Table 4-6

COMPARISON OF THE PERFORMANCE OF THE 30.5cm DIAMETER PROTOTYPE #10 WITH PROTOTYPES OF SMALLER DIAMETER

Magnetic
Device; Parallel Envelope Electrode Flux Rate of Electrode Current
Prototype Capacitance Diameter Diameter density Electrode Change Separation Commutated
Number uF cm cm B,T Design B, kT/s mm kA
10 50 30.5 15. 0.14 Bruce 5.2 21 8.3
9 50 23 15 0.21 Cup 6.8 21 11.0
8 50 23 15 0.21 Bruce 6.8 20 and 23 10.0
(5 cm
bridging
electrode)
2 50 23 14 0.23 Bruce 7.4 21 5.9
10 26 30.5 15 0.14 Bruce 5.2 21 7.7
5 26 23 15 x 7 0.23 Bar 7.2 24 5.4
7 26 18 28 x 5 0.4 Bar 15.6 20 4.4



7.8kA —

Total 0
Current
Time, 1 ms/Div
Arc
Voltage
10kV
0
7.8kA
Arc
Current 0

Time, 100 us/Div

Fig. 4-48. Prototype #10, 50uF parallel capacitance, 20mm electrode separation,
B = 4kT/s, NO series connected vacuum interrupter
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Voltage used
in actuator
Power supply

1300/850
1350/1070

STUDY OF THE EFFECT OF GREATER ELECTRODE SEPARATION;NO SERIES CONNECTED VACUUM INTERRUPTER

Electrode
Separation
wm

20.6
25.1

Peak
Magnetic
flux density
T

0.14
0.14

Table 4-7

Rate of

change of
magnetic flux
density, kT/s

5.2
5.2

Time of magnetic
field application
after start of
current, ms

4.0
4.0

Parallel
capacitance
uF

26
26

Highest
current
commutated
kA

7.7
7.8

Lowest
failure
kA

8.9
8.8



Conclusions

e High B was attained using two power supplies

e The large diameter envelope of Prototype #10 produced many current zeros
with the oscillating B-field

e The need for a series vacuum interrupter was very evident
e Prototype #10 showed that an electrode separation of 20mm was adequate

4-7.3 Experiments with Prototype #10 with a Series Connected Standard Vacuum
Interrupter

Low Voltage Circuits

The current oscillations induced by Prototype #10 suggested that a series connected
standard vacuum interrupter could be used to interrupt the current and withstand
the voltage. Indeed, with a series connected interrupter we were able to commutate
a maximum current of 14.5kA, Fig. 4-49. Under the same conditions but without the
series interrupter we had been Timited to 8.3kA. Figure 4-50 shows the circuit
diagram for this experiment and the circuit location where the arc voltage, Va’

was measured. As soon as the current was interrupted by the series connected
vacuum device, the arc voltage across Prototype #10 collapsed. The series device

withstood the recovery voltage.

This commutation of 14.5kA with 50uF of parallel capacitance was a record high
current level. We believe the improvement was the result of the larger envelope
diameter. Confirming this we commutated 9.2kA with 26uF of paraliel capacitance.

We considered that the reduced ability of the device to withstand large restored
voltage was not a shortcoming of the larger diameter envelope, rather it is a
function of the difficulty of processing such a large device. The Division which
manufactures these vacuum devices worked on the problem and subsequent devices
had the seasoning treatments given Prototypes 8 and 9.

A1l of the data used to compare the effect of a series vacuum interrupter as a
function of parallel capacitance appear in Fig. 4-51.

High Voltage Circuits

The purpose of this experiment was to determine the current commutating ability
of Prototype #10 under high recovery voltages conditions.
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Total Current

Rate of Change, Magnetic Field
Velocity, Series Device

Velocity, Test Device
Travel

t =1 ms/div

Arc Voltage Collapses Here

Arc Voltage

Arc Current

t = 200 s/ div

Fig. 4-49. 0Oscillogram of largest current commutated into 50uF of parallel capaci-
tance. Electrode separation is 21mm. prototvpe #10 with conventional
vacuum interrupter connected in series, 30cm dia. device with 15cm dia.
Bruce profile electrodes, R = 3.330
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Fig. 4-50. Circuit for prototype #10 experiments with series connected vacuum
interrupter
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o o Success
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10 20 30 50 70

Parallel Capacitance, uF

Fig. 4-51. Experimental results showing improvement resulting from the use of a
standard vacuum interrupter connected in series with the test device.
Electrode separation was 21mm, B was 5.2kT/s, Bm x Was 0.14T and all
commutations were Mode 4 a
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The experimental setup was similar to that described in Section 4-7.1. Here a
50kV capacitor bank was coupled in parallel to the CLD by means of a 30m length of
coaxial cable. In the present experiment several beneficial changes were made.
(1) The equipment under test was moved into a test cell adjacent to the parallel
capacitor bank. (2) Two parallel coaxial cables were used, each about 5.5m

Tong. (3) Each coaxial cable was connected to half of the capacitors whereby

the center conductors were tied to the high side of the capacitors and the sheaths
were tied to the frame or low side of the capacitor bank. (4) The parallel co-
axial cables were tightly coupled to the series combination of VI and CLD.

The results of the above changes produced an effective capacitance of 31.7uF in
the external circuit that showed a ringing frequency of 16.3kHz. The effective
inductance of this circuit was 3uH. (In the previous setup the ringing frequency
was 5.7kHz and the inductance was 24uH). Since the frequency of the oscillating
B-field was 5.9kHz, we achieved a high voltage external circuit having a resonant
frequency greater than twice the frequency of the oscillating B-field. Thus, on
the basis of our understanding of the best conditions for Mode 4 commutation,

this new setup allowed us to use the largest B available while at the same time
the external circuit frequency was equal to or greater than twice the frequency of
the B-field.

This new circuit performed well up to a commutation current level of 4.5kA with a
recovery voltage of 29kV. Unfortunately, following this commutation we experienced
a flashover of the isolation coupler to the actuator rod of Prototype #10. The
resulting damage to our electronic timing, control and measurement circuits was
extensive. The problem with the coupler was solved by a rearrangement of the
vacuum interrupter and CLD, and alternate electronic equipment was substituted.
However these changes compromised our ability to record the commutation process
on the high sweep speed oscilloscope. Nonetheless, we proceeded to demonstrate

a current commutation of 7.5kA with a recovery voltage of 45kV. Failures to
commutate at 8 and 8.5kA were recorded. While our data were incomplete, these
failures appeared to be caused by the absence of a forced current zero rather
than a reignition due to a rising recovery voltage.

Conclusions

We had gained additional experience with the use of a remote capacitor bank for use
as the paraliel capacitor in our CLD circuit. Our experience suggested that this
method could be improved further such that it would prove viable for a practical
device. We had demonstrated the commutation of 7.5kA (31.7uF) with a peak recovery
voltage of 45kV.
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4-7.4 Experimental Investigation into the effect of a Spark Gap Connected in
series with either the Parallel Capacitor or Resistor

Current oscillations produced by varying the applied magnetic fields were giving
the highest commutation levels. We explored two potential methods of enhancing
this oscillation using Prototype #10 without a series connected vacuum interrupter.
In the first technique, a spark gap was connected in series with the parallel
capacitance. This spark gap prevented charge buildup on the capacitor during
electrode separation. Further, the spark gap isolated the capacitor during the
initial period of high arc voltage associated with magnetic field application.
The concept was to flashover the spark gap at a relatively high arc voltage, with
a consequent rapid increase of capacitor current and corresponding decrease in
arc current., The second technique involved connecting a spark gap in series with
the parallel resistor. Here the concept was to keep the dissipative resistor
element out of the parallel circuit until a high arc voltage had been developed
in the device.

Effect of the Spark-gap in Series with the Parallel Capacitor

A circuit schematic is shown in the inset diagram of Fig. 4-52. The spark gap in
series with the 26yF capacitor was set for various flashover voltages, and the
corresponding current commutation level was recorded. The data appear in Fig.
4-52, and indicate a reduction in commutation ability with increasing flashover
voltage. We concluded that the energy dissipated in the spark gap offsets the
potential advantage of a more rapid current transfer to the\capacitor.

Effect of the Spark-gap in Series with the Parallel Resistor

Here the commutation level increased very slightly by about 3%. This confirms that
the parallel capacitor has the major influence on commutation ability, and that
the resistor only plays a significant role following commutation.

Conclusions

Neither a spark gap in series with the parallel capacitor not the parallel resis-
tors improved the level of current commutation.
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Fig. 4-52. Effect of spark gap in the capacitor circuit, Prototype #10, C = 26vuF,
electrode separation 2lmm, R = 3.33Q, Mode 4 commutations only
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4-8 DUAL ACTUATION; COUPLING TO A HV CAPACITANCE BANK

4-8.1 Experiments using Prototype #11 in the High Voltage Circuit

Past experience had shown that high levels of current commutation were associated
with (a) the cup contact geometry [as used in Prototype #9; see Section 4-6.2]
and (b) with larger diameter ceramic envelopes [as used in Prototype #10,

see Section 4-7.3]. The cup contact geometry can sustain an arc in the diffuse

or quasi-diffuse mode to higher currents than any other contact geometry that we
have observed for CLD purposes. The use of a larger diameter ceramic envelope,
while using the same diameter contact, simply removes the arc from the adverse effects
of the wall when the arc plasma is subjected to the transverse magnetic field.
Thus Prototype #11 was built with 15cm dia. cup contacts in a 30.5cm diam. ceramic
envelope. An additional important feature built into Prototype #11 was the use of
two movable contacts, as shown in Fig. 4-53. By using a repulsion coil actuator
on both ends, we had the capability of obtaining the desired contact separation of
2cm in a shorter time than with Prototype #9.

Prototype #11 was the second 30.5cm dia. CLD buiit. Extra care was taken in the
vacuum processing and voltage seasoning of this device. Before power testing,
Prototype #11 was given a 60Hz voltage withstand test. The device held off 70kV
rms for seven minutes with the electrodes held 2cm apart. Higher voltages and
Tonger times were not attempted since the above withstand was more than adequate
for the planned tests.

Objectives of the Experiment

The first objective in testing Prototype #11 was to make a direct comparison with
the results obtained with Prototype #9 such that the increased envelope diameter
(from 23cm to 30.5cm) could be evaluated. This objective included the use of the
oscillating transverse magnetic field, the use of a H.V. (50kV) recovery voltage,
and the use of a standard vacuum interrupter in series with the CLD.

The second objective was to evaluate the effect of more rapid electrode separation
by means of the dual actuation of the two movable electrodes.

The third objective was to improve the circuitry to provide a 50kV recovery volt-
age using a capacitance of C = 48uF while at the same time providing an external
circuit with a ringing frequency > 2 times the frequency of the oscillating
magnetic field.
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Fig. 4-53. Schematic of Prototype #11 with two movable cup contacts

A11 three of the above objectives were met using the schematic circuit shown in
Fig. 4-54. The value of the stray inductance, L, was minimized since it is
critical in obtaining a high ringing frequency in the external circuit. The
value of the resistance, R, was selected to 1imit the recovery voltage to 50kV
once the source impedance (not shown) had been selected.
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Fig. 4-54, Schematic circuit for testing Prototype #11

Experimental Results and Discussion

The required circuit conditions were realized by the tightly coupled circuit shown
in some detail in Fig. 4-55. The high ringing frequency resulted from the use of
as many coaxial cables in parallel as needed to reduce the cable inductance. At
the same time the capacitance was divided into tightly grouped units. For the
case at hand, each of the capacitors, C, was made up of a rack of 18 units with
individual values of 0.88uF. These units were connected in parallel to give

C ¥ 16uF. The remaining stray inductance was associated with the bussing of the
series vacuum interrupter and the CLD. Here aluminum plates of 15 or 20cm width
were used to make the electrical connections. The resulting value of L* was about
2.2uH which, with 3C = 48yuF, gave a ringing frequency of 15.5kHz. Since the B-
field frequency was 5.8kHz, we had met the condition for the frequency of the
external circuit being greater than twice the B-field frequency.
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Fig. 4-55. Tightly coupled circuit for high voltage tests using remote capacitor
banks

Tests were then begun to compare Prototype #11 with Prototype #9. One electrode
of #11 was held fixed while the other was separated to a gap of 20mm in 4msec.

The series vacuum interrupter was opened at the same time. After eight successful
test shots we had achieved current commutation of 7.8kA with a peak recovery volt-
age of 38kV. The next test shot was a failure at 8.8kA. The test records were
not clear so an attempt was made to commutate at a lower current which also
failed. Inspection of the Prototype #11 showed that it had lost its vacuum and
the testing had to be terminated.

The cause of the failure was the abrasive rubbing of the movable contact stem
against its bellows. This opened a pinhole in the bellows. The rubbing of the bellows
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occurred over one half the cylindrical area of the stem and with a length comparable
to the stroke. This led us to believe that the bellows was undergoing a swivel-

like motion. This type of motion and failure was not observed in Prototype #9
whose construction was identical. Further, we had never experienced this phenom-
enon in previous prototypes nor in the hundreds of vacuum interrupters we had
dealt with over the years.

Conclusions

The remote capacitor bank concept had been demonstrated for a realistic arrangement
of circuit components. We concluded that we were able to design H.V. circuits for
capacitor values of interest without compromising the desirable high ringing
frequency.

The unexpected failure of Prototype #11 meant that double actuation experiments
would have to be delayed. We concluded that experience with double actuation

should be gained jmmediately, and we therefore decided to continue our experiments
using the circuit designed for Prototype #11 but substituting Prototype #8. MWe
further concluded that a new Prototype (#12) should be built with a similar geometry
to #11 but with better stem/bellows design.

4-8.2 Experiments using Prototype #8 with Dual Actuation in a H.V. Circuit

The vacuum failure of Prototype #11 led us to reuse the 23cm diam. Prototype #8
with the objective of gaining immediate information on dual actuation in a H.V.
circuit. Prototype #8 has two movable electrodes; a 15cm diam. Bruce profile elec-
trode, and a 5cm diam. lower mass electrode. For these experiments, both of the
movable electrodes were actuated by using a repulsion coil mechanism on each
movable stem. The mating plane of the movable contacts was set at 10mm from the
large stationary contact. Then, by moving the two movable contacts in opposite
directions a distance of 10mm each, a gap of 20mm was attained. At full gap the
plane of the arcing surface of the small contact was in the plane of the arcing
surface of the large stationary contact. By this means we had a condition wherein
two 15cm diam. Bruce profile contacts were effectively spaced by a gap of 20mm.

Figure 4-56 shows the curve of the relative separation of the contacts as a function
of time. A gap of about 20mm could be reached in about 1.5msec. This was the
fastest effective gap separation we had achieved to date. Previously, the fastest
separation to 20mm had been achieved with Prototype #8 by moving the smaller elec-
trode only. This second fastest opening to 20mm required 2.1msec and is shown for
comparison by an "X" in Fig. 4-56.
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Fig. 4-56. Travel curve for experiments with Prototype #8

Experimental Ohjectives and Approach

The experimental objectives for dual actuation of Prototype #8 in a H.V. circuit
were specifically: (a) to gain experience with dual actuation, (b) to find the
commutation 1imit of this prototype in a H.V. circuit and (c) to compare the new
results with previous results taken at slower contact separation with lower re-
covery voltage.

The experimental approach was identical to the setup described in Section 4-7.1.
The circuit is shown in Fig. 4-54 where it will be noted that a series vacuum
interrupter was used. Some details of how the circuit was tightly coupled to the
remote H.V. capacitor are shown in Fig. 4-55.

Experimental Results and Discussion

Fast separation of the contacts to the desired gap of 20mm was tested in two dis-
tinct ways: (1) The contacts were parted as early as possible and the current was
commutated by applying the transverse B-field on the rising wave; and (2) the
parting of the contacts was delayed to a later time so that the commutation took
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place at the crestof the 60Hz wave. We will discuss these two techniques
separately.

Effect of Reduced Arcing Time with Electrode Separation at Low Currents

The minimum time to part the contacts (deadtime) was 0.7msec, The contact separa-
tion time and also the arcing time was 1.5msec. Therefore, the earliest time

that the B-field could be applied to cause commutation with a 20mm gap was 2.2msec
after the a.c. current zero. The largest current commutated under these conditions
was 10kA. Figure 4-57 shows oscillograms for this case. The recovery voltage of
47kY was measured across the resistor, R, (see Fig. 4-54) and was, therefore,
divided between the interrupter and the CLD. [The series interrupter was left
closed for one test at the 6kA level and a recovery voltage of about 28kV appeared
across the CLD alone. The recovery voltage 1imit for Prototype #8 was not, however,
pursued further during these tests].

In previcus tests with Prototype #8 (Sub-section 4-6), a current of 10kA was also
commutated on a rising current. In this previous test, the commutation tock place
after an arcing time of 2.1msec and the recovery voltage was about 16kVy. Evidently
neither the shorter arcing time of 1.5msec nor the use of a H.V. remote capacitor
bank had reduced the current Tevel that Prototype #8 could commutate.

Some additional remarks on the details of Fig. 4-57 are in order. In the bottom
oscillogram, both the current and voltage traces suffer from an oscillation that
was shown to be a pickup signal from the oscillating B-field, This unwanted pick-
up was a direct result of the tight circuit coupling necessary to reduce the stray

inductance, L*.

An unexplained phenomenon was seen on all oscillograms taken of current commutation
on the rising current wave for which the recovery voltage was greater than about
35kV. This phenomenon will be discussed relative to the traces of Fig. 4-57.

Note that the recovery voltage rose to a value of 47kV in 380us which is consis-
tent with calculation. Then, about 60usec Tater in this case, a dip is seen in

the recovery voltage followed by a declining voltage that goes to zero in about the
same time that it rose to its peak. One might suppose that the backup breaker,
which was a vacuum interrupter with a gap at this moment of only 3mm, arced-over,
and allowed the energy stored in the 48uF capacitor to return to the inductor of
the L1C] source supplying the circuit current, This hypothesis might explain

the behavior of the recovery voltage. It does not however, explain the lack of
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a comparable oscillation in the trace of the circuit current, shown in the top
oscillogram of Fig. 4-57, nor the long time duration of the circuit current after
current commutation. Further analytical and experimental work was needed to fully
explain these observations.

0
Travel
0
—7‘10 kA 1 msec/DIV
0
Circuit
Current
Recovery
Voltage
aw ——
100 usec/DIV
10 kA 0-
CLD
Current

Fig. 4-57. Effect of reduced arcing time; Prototype #8 was opened to a gap of
20mm in 1.5msec; current at contact separation was 3.2kA

Effect of Opening at Higher Current

The second technique involving fast contact separation involved delaying the con-
tact separation to higher current levels. The separation time and therefore the
arcing time was held constant at 1.5msec. Of course, the deadtime of 0.7msec
remained. By adding an additional delay of 2.2msec to the actuator trigger source,
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current commutation was tested at the crest of the 60Hz wave. The highest current
commutated with this method was 6.4kA and an oscillogram is shown in Fig. 4-58.

The current at the instant of contact separation was 6kA. The recovery voltage

rose to a peak of 33kV in the expected time of 380usec and then remained constant
for the remainder of the observation time of 500usec. (Actually the recovery voltage
decays via the parallel resistance, R = 800, with an RC time constant of about
dmsec.). Attempts were made to commutate 7.8kA, but these failed due to the lack

of definite current zeros rather than restrikes associated with the recovery voltage.

Previous tests with Prototype #8 were not performed at contact separation currents
as high as 6kA. Thus a direct comparison is not possible. The highest contact
separation current in the previous tests was 4,7kA which resulted in marginal
commutation of 8.6kA. These previous successes had recovery voltages of about
15ky.

From the above results, we were led to consider whether it is possible, with 15cm
diam. Bruce profile contacts, to part the contacts at currents >6kA and expect to
produce a diffuse arc in 1.5msec, A diffuse arc was thought to be necessary in
order for the transverse B-field to interact properly with the arc plasma in order
to produce the initial high arc voltage. We do not have direct observations of
vacuum arcs for the present condition, i.e., for parting contacts at currents of
the order of 6kA and separating to 20mm in 1.5msec. However, some insight is
gained from the data shown in Fig. 4-59, where the arc appearance is shown on a
plot of electrode gap versus instantaneous current, This figure is taken from
ref. (7).

Figure 4-59 shows the physical arc appearance for 10cm diameter electrodes sep-
arated with an average speed of about 3m/sec during an a.c, half cycle. The dia-
gram is a composite of observations made with electrode separations at different
points on the current wave. An individual sequence is shown by the dashed curve.
Here the arc starts in a constricted form, changes into a jet column form at
longer spacings, and becomes diffuse at a current level of 20kA prior to current
zero. Of particular interest to the present study is the arc form following
electrode separation at current Tevels of 5 to 10kA. At these currents, the arc
has some of the characteristics associated with a column although there is a sub-
sequent rapid transition to the diffuse form. It must be remembered that the
present electrode separation speed was 13m/sec and hence the data of Fig. 4-59
may not be relevant. On the other hand the present data, together with Fig, 4-59
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Fig. 4-58. Effect of opening at higher current; 6.4kA was the largest current
commutated with 6kA at contact separation; prototype #8 opened to a
gap of 20mm in 1.5msec
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suggested that the possible arc column formed at 6kA might be affecting the
current commutation.

Conclusions

Dual actuation, i.e., acceleration of both contacts in opposite directions, was

a viable way to explore current commutation on the time scale needed for a prac-
tical device. We had demonstrated that a contact separation of 20mm can be at-

tained in 1.5msec; at least for moderate to light contacts.

With dual actuation,and with a H.V. remote capacitor bank, the current commutation
limits of Prototype #8 were about the same as previously found for single contact
actuation in a lower voltage circuit. In the present study 10kA (using 48uF) could
be commutated when the contact separation current (rising wave) was 3.2kA. How-
ever, only 6.4kA could be commutated when the contact separation current was 6kA.
We concluded that neither rapid contact separation nor high recovery voltage

would decrease the performance of our current Timiting devices when the current
level at contact part was less than 6kA.

4-96



4-9 OPENING SPEED AND SEPARATION CURRENT

4-9.17 Experiments using Prototype #12 in the High Voltage Circuit

High levels of current commutation were achieved using the cup contact gecometry
in Prototype #9 in a 23cm diameter envelope. For example, 12kA was commutated in
a 12kV circuit as described in Subsection 4~6. We attributed this commutation to
the presence of a diffuse or quasi-diffuse arc mode at relatively high currents
with the cup contact geometry.

Additional tests were performed with Prototype #12 which had high speed welded
bellows with a larger inside diameter and greater lateral stiffness. The larger
inside diameter increased the clearance between the stem and the bellows while the
increased lateral stiffness prevented impact between the stem and the bellows.

This device had similar cup electrodes to Prototype #11 with both electrodes movable.
Prototype #12 was tested with two actuators, operated simulataneously, in order to
simulate higher speed operation than #11. The latter prototype was tested with
electrode separation to 2cm in 4ms.

4-9.2 Objectives of the Experiment

The primary objective of the experimental series was to gain commutation experience
with cup electrodes during the simulation of rapid electrode separation. In
particular, the capability of reaching a desired electrode separation in a short
time permitted us to explore the effect of separating the electrodes at high
current. The experiments with Prototype #8 previocusly indicated reduced perfor-
mance when Bruce profile electrodes were separated at a high current level of 6kA.

A further objective was to gain additional experience using a series connected
standard vacuum interrupter at recovery voltages of the order of 50kV.

4-9,3 Actuator Achievements

An oscillogram of the electrode separation as a function of time for both upper
and Tower electrodes is shown in Fig. 4-60. Here an electrode separation of 20mm
was achieved in 2.8ms (or 2.2ms plus 0.6ms of dead time) with each electrode moved
10mm. The mass of each electrode and stem was 3.7kg. We ran a total of 11 ex-
periments before the coupling on one actuator failed. Prior to this failure we
established a commutation Timit of 8.3kA with a recovery voltage of 42kV.
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Fig. 4-60. Commutation of 8.3kA with 42kV recovery voltage Co = 48uF, L* = 2.2uH,
R = 800, prototype #12, electrode separation of 20mm, separation current,
2.8kA

Subsequent experiments were run with the actuators subjected to a Tower level of
stress, and a total of 37 additional experiments were run without actuator failure.

4-9.4 Erratic Performance of Prototype #12

A part of the seasoning process during the manufacture of these vacuum devices

is to subject them to a high alternating 60Hz volitage. The limit of the apparatus
at the Industrial and Government Tube Division (I.G.T.D.) is 156kV rms. Prototype
#12 withstood this maximum voltage without incident, and this demonstrates superior
initial performance.

When Prototype #12 arvrived at the R&D Center it was again subjected to high alter-
nating 60Hz voltage. This had been standard quality control for all prototypes.
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The purpose of this procedure was to ensure that the device had retained a good
vacuum. However, Prototype #12 broke down at 20kV.

The device apparently had a slow leak, and we decided to essentially pump the gas
molecules by repeated breakdown. This imbeds the molecules in the electrodes. We
held the a.c. voltage steady until the breakdowns ceased. We then increased the
voltage until voltage breakdown started. With repetition of this technique we
improved the level of voltage withstand to 73.8kV at which level no further im-
provement was possible. Thus Prototype #12 started off as a marginal device with
barely adequate voltage withstand capability.

Another symptom of the apparent slow leak of air was the high arc voltage. Figure
4-61 is an oscillogram which shows that the arc voltage was 500V and erratic when
the arc current was only 12kA.

Arc 500V —
Voltage 0 —
Arc 12KA —
Current 0 — |

Time, 1 ms/div

Fig. 4-61, Arc voltage of prototype #12 with no magnetic field applied. Electrode
separation 1dmm at 2.7ms after start of current

4-9.5 Experimental Results and Discussion

A total of five commutation test conditions were used for the experiments with
Prototype #12. This prototype was connected in series with a conventional in-
terrupter. The first condition involved operating the actuators at their Timit
to obtain the desired 20mm electrode separation as soon as possible after current
initiation. The next two test conditions involved using a smaller electrode
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separation to reduce the arc voltage at the time of magnetic field application,
Electrode separations of 14 and 10mm were selected. These smaller electrode
separations had the further benefit of reduced stress on the actuator.

The remaining two test conditions involved delaying the electrode separation so
that a constricted, high current arc would be present at the moment of electrode
separation. Here the field was applied at spacings of 14 and 19mm.

The highest currents commutated along with other data are presented in Table 4-8.

With a fast electrode separation of 20mm in 2.2ms we commutated 8.3kA with a re-
covery voltage of 42kV. An oscillogram from this experiment appears in Fig. 4-60.
However, the arc voltage was high and we could not commutate 8.8kA. The upper
electrode actuator failed during the exploration of this current Timit.

We repaired the actuator and operated it at a Tower electrode acceleration for the
dual purposes of (a) reducing the actuator stress with a stroke of 14mm in 2.1ms
(2.1ms + 0.6ms of dead time) and (b) achieving a lower arc voltage at the time of
magnetic field application. At this condition we commutated 10.4kA with a recovery
voltage of 51kV. We attributed the improved performance to the reduced arc voltage
and to the improved internal vacuum in the interrupter as a consequence of re-
petitive arcing. At 51kV the voltage measuring circuit failed, and we were unable
to record the recovery voltage. Figure 4-62 is an oscillogram from a subsequent
experiment at 10.2kA but with 400 of parallel resistance and consequently siightly
lower recovery voltage,

When the electrode separation was reduced to only 10mm, the commutation level was
significantly lower at 7.3kA.

The fourth and fifth test conditions involved delaying the operation of the actuators
in such a manner that the electrodes separated at high current. A comparison of

the commutation levels in Table 4-8 for conditions (1 and 2) and (4 and 5) indicated
that the separation of cup electrodes at high current did not reduce their perfor-
mance. In fact, for condition 5 we observed the highest current commutation we

have yet achieved in the high voltage circuit. Figure 4-63 is an oscillogram of
this 11.0kA current commutation. Since we did not observe any failures to commu-
tate during test condition 5 we concluded that 11kA was not a current Timit. Rather,
48kV represents a voltage 1imit for our present capacitor bank and this limited the
experiment. We attributed the good performance during condition 5 to a steady
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TABLE 4-8

HIGHEST CURRENT COMMUTATED AT EACH TEST CONDITION
PROTOTYPE #12, 48uF OF PARALLEL CAPACITANCE

Was the time
of opening delayed

to increase Time of Current Figure
the current at Commutated Recovery Electrode Separation Magnetic Limiting which shows the
Test electrode Current Voltage Separation Current Field Application  Resistance relevant
Condition separation kA kv mm kA ms R, 0 oscillogram
1 No 8.3 42 20 2.8 2.8 80 4-60
2 No 10.2 47 14 3.8 2.7 40 4-62
3 No 7.3 36 10 2.5 2.3 40 - - -
4 Yes 7.5 35 14 10.4 6.3 40 - - -

5 Yes 48 19 13.0 6.0 40 4-63
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Figure 4-62. Commutation of 10,2kA; Co = 48yF, L = 2.2uH, R - 402, prototype #12,
electrode separation of 14mm, separation current, 3.8kA

improvement in the condition of Prototype #12. It should be noted that the multi-
ple zero voltage sweeps in Fig. 4-63 are the result of a malfunction of the back-
up breaker. This resulted in multiple oscilloscope triggers when the series de-

vices reclosed following commutation.

Finally, a comparison of conditions 4 and 5 showed that the performance with 19mm
of electrode separation was superior to that at 14mm. This indicates that greater
current commutating ability should be observed at larger electrode separation

provided the arc voltage remains low.
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Fig. 4-63. Commutation of 11kA with a recovery voltage of 50kV; Co = 48yF, L* =
2.2uH, R = 409, prototype #12, electrode spearation of 19mm, separation
current, 13kA
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4-9.6 Conclusions

e Even with a vacuum device of questionable vacuum integrity we were able to
commutate a high current of 10.4kA with a record high recovery voltage of
51kV. Further, we commutated 11kA against a recovery voltage of 48kV.

We considered that the series connected vacuum device improved the ability
to withstand the recovery voltage.

® We operated the actuator 11 times at maximum acceleration to move 3.7kg
of electrode plus stem through 10cm (20cm total separation of two elec-
trodes) in 2.2ms (2.8ms including dead time). A reduced level of accelera-
tion permitted reliable operation without incident.

® The high speed welded bellows, with a larger inside diameter and greater
Tateral stiffness, were effective in preventing contact between the
bellows and electrode stem during more than 60 experiments.

8 With magnetic field application at a time of 2.8ms following contact part,
the cup electrodes retained a high Tevel of commutation performance (11kA)
even when the electrodes were separated at currents as high as 13kA. By
contrast, the Bruce profile electrodes of Prototype #8 were limited to 6kA
when the field was applied at a time of 1.5ms following contact part at a
current level of 6kA. It seemed possible that cup electrodes were associat-
ed with a more rapid transition to a diffuse arc from a columnar arc, and
this could explain the better results with Prototype #12.
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4-10 HIGH SPEED SEPARATION; HIGH VOLTAGE CIRCUITS

4-10.1 Introduction

In the previous experiments in Phase 2, systematic changes were incorporated into
each new CLD prototype to move toward higher commutation currents. Likewise,
systematic changes were made to provide the optimum oscillating magnetic field

and to improve the external circuit such that recovery voltages typical of a 72kV
device could be used. Finally, the contact separation speed needed for a practical
CLD was gradually approached. In the final two prototypes., #13 and #14, these
features were combined into the two best candidates which were then tested under

conditions approximating a 72kV circuit.

Features of Prototype #13. A schematic of prototype #13 is shown in Fig. 4-64. It

has a 30.5cm diameter envelope and two 15cm diam. stationary Bruce profile elec-
trodes, Item 1. These two electrodes are separated by a gap of 20mm which is not
adjustable. These electrodes are mounted on cylinders, Item 3, attached to the end
plates. Two 5cm diam. movable bridging electrodes, Item 2, move through the
stationary electrodes. The design is somehwat similar to Prototype #8 which was
equipped with one stationary Bruce profile electrode and one 5cm diam. movable
bridging electrode.

A second feature of Prototype #13 was the first use of small diameter stainless
steel electrode stems. These stems were 1.6cm in diameter and were lighter than
the 3.2cm diam. copper stems used in Prototype #8. The stem diameter and material
changes provided a 52% reduction of the moving mass.

Features of Prototype #14. Prototype #14 also had a 30.5cm diam. ceramic envelope.

The design was similar to Prototype #12, as shown schematically in Fig. 4-53.
However, the two movable 15cm diam. cup contacts had less mass and the electrode
stems were made of stainless steel. By comparison with Prototype #12, the mass
that had to be moved was reduced by 40%.

4-10.2 Experimental Objectives and Approach

The experimental objectives for these two prototypes were basically the same; to
achieve high speed electrode separation, and to find the limits of current commu-
tation with the recovery voltage rising to ~ 50kV. For Prototype #13, the goal
for the reduced mass bridging electrodes was an electrode separation of 20mm in
approximately 1.1msec (plus dead time) by means of dual actuation. This compares
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Figure 4-64. Schematic of Prototype #13 with two movable bridging electrodes
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with 19mm in 1.5msec for Prototype #8 using dual actuation (see Fig. 4-56). For
Prototype #14, the goal for the reduced mass cup electrodes was 20mm in 1.8msec

(plus dead time) by means of dual actuation. This compares with 20mm in 2.2msec
for Prototype #12 where damage to the actuators occurred after eleven operations.

The experimental approach is shown in the schematic of Fig. 4-54 and is identical
to the setup described in Section 4-8.7. Details of how the circuit was tightly
coupled to the remote H.V. capacitor are shown in Fig. 4-55. Again a series-
connected standard vacuum interrupter was used to improve the recovery voltage
withstand capability.

A further objective of these experiments was to compare the current Timiting ability
of these two different configurations both on a rising current wave at a compara-
tively Tow separation current and at high separation currents. This comparison is
more meaningful when the contact separation time is appreciably less than a quarter
cycle of the 60Hz wave. Finally, the overall performance of these two prototypes
was to be compared to previously tested prototypes.

4-10.3 Experimental Results and Discussion

Before these two prototypes were tested for curvent commutation ability, each was
given a 60Hz voltage withstand test. Prototype #13 withstood 75kV (rms) for 5
minutes with no “spits® and no measurable current flow. On the other hand Proto-
type #14 drew a current of 4.5 milliamps at 75kV (rms). After several minutes,
with no change in this current flow, the test was stopped. One side of the ceramic
envelope from end flange to end flange was too hot to touch. Evidently, electrical
leakage on the inside of the ceramic was the cause of the heating. Thus Prototype
#14 was of questionable integrity before the power testing began.

A summary of the power tests is given in Table 4-9. Sample data are presented in
Figures 4-65, for Prototype #13. Referring to Table 4-9, the highest current commu-
tated with #13 at an opening speed of 20mm in 1.4msec was 8kA. This was not a

Timit of the CLD but of the actuators. At the reduced speed of 20mm in 1.6 or
1.8msec, the current of 9kA (46kV recovery voltage) was a limit when the separation
current was low (2.5kA) Likewise the current of 11kA (50kV recovery voltage) was

a limit for the higher separation current of 7.6kA. In this latter case a type of
resistor voltage grounding was used which may account for the somewhat better
performance. More work would have to be done to prove this point.
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TABLE 4-9

Highest Currents Commutated with High Speed
Separation and High Recovery Voltage

Time on Rising

Prototype Wave of Contact Separation Opening Speed Commutated Recovery
No. Separation Current Gap/Time Current Voltage
msec kA mm in msec kA ky
13 0.5 2.5 20 in 1.6 9.0 46
13 3.6 8.0 20 in 1.4 8.0 31
13 2.2 7.6 20 in 1.8 11.0 50
14 0.6 2.6 20 in 1.8 10.0 47

14 2.4 8.5 20 in 1.8 12.0 49
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Figure 4-65. Recovery voltage and arc current for Prototype #13; 10kA was commu-
tated after separation of the contacts at a current of 7kA and
opening to a gap of 20mm in 1.8ms
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Figures 4-66 and 4-67 present data for Prototype #14 when its contacts were opened
at a high separation current while Fig. 4-68 shows typical results for low sep-
aration current. Referring to Table 4-9, the highest currents commutated under
these two conditions are shown. At a separation current of 8.5kA, a current of
12.0kA was commutated (49kV recovery voltage) At the lower separation current of
2.6kA, a current of 10kA was commutated (47kV recovery voltage). This 10kA
commutation may not be a true limit because Prototype #14 had suffered from a
large current surge just prior to obtaining this data point. In fact the device
became gassy and when tested with 400V dc across its opened electrodes, a giow

discharge was observed.

4.10.4 Experimental Conclusions

At first sight, a direct comparison of the Prototypes can be made by noting from
Table 4-9 that the test conditions of the 1st and 3rd rows for Prototype #13 are
nearly the same as those in the 4th and 5th rows for Prototype #14. The voltage
grading, referred to above, was also used in the test for Prototype #14 recorded
in the 5th row. To the extent that conditions were the same, it would appear that
Prototype #14 had a 10% higher capability than #13.

Some specific conclusions can be reached.

e Both prototypes seemed mechanically capable of opening at high speed.
The Timitation to a speed higher than 20mm in 1.4msec was set by the
actuators.

e Contact separation at higher currents did not reduce the performance.
This conclusion confirmed the results from Prototype #12 (see Sec.
4-9) and ruled out the tenative, contrary conclusion reached with
Prototype #8 (see Sect. 4-8.2).

e The higher opening speeds used here did not reduce the performance
but rather might have increased performance. For instance, Proto-
type #12 with cup contacts had a limit of 11kA (50kV recovery voltage)
at a speed of 20mm in 2.4ms. In contrast, Prototype #14 with reduced
mass cup contacts but otherwise of similar design, now showed a
Timit of 12kA (49kV recovery voltage) at a speed of 20mm in 1.8ms.

e Grading the voltage between the series connected vacuum interrupter
and the CLD showed a definite improvement in the commutation capa-
bility. The reasons for this improvement are not clear at present,
and the method needs to optimized. However, it is worth noting for

future work.
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e Finally, Prototype #14 (cup contacts) was shown to have internal wall
‘ leakage before testing and finally went gassy after only 17 test shots.

We might well conclude that this type of CLD should be capable of
higher currents. For example, 14.5kA was the 1limit for the cup con-
tacts in Prototype 10 but with a lTow recovery voltage.
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Figure 4-66, Circuit current and arc current in Prototype #14; 12kA was commu-
tated after separation of the contacts at 8.5kA and opening to a

gap of 20mm in 1.8ms
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Figure 4-67. Recovery voltage following the commutation of 12kA using prototype
#14 with 50uF of paraliel capacitance. The initial slope is 2.4 x
108 V/s and the peak voltage of 49kV reached in 310us
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Figure 4-68., Circuit current and arc current in Prototype #14; 8kA was commutated
after separation of the contacts at 3kA and opening to a gap of
20mm in 1.8msec.
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Section 5

IMPLICATIONS OF EXPERIMENTAL DATA FOR A 72kV DEVICE

5-1 INTRODUCTION

From a review of the Experimental Results (Section 4) we can arrive at certain con-
clusions about the parameters (see Section 3.2) that were investigated, In
particular we will discuss these parameters as they apply to a 72kV current limit-
ing device. The parameters are not independent of one another. Thus the inter-
action between parameters has been considered in concluding the optimum character-
istics of any one parameter.

5-2 DEVICE PARAMETERS

5-2.1 Electrode configuration - Our first choice is the 15cm diam. cup contacts
that were used in Prototype #14. The second choice is low mass bridging contacts

surrounded by disk or Bruce profile electrodes such as those used in Prototype #13.

As explained in Section 4-10.4, the cup contacts commutated the largest current
(12kA) at a recovery voltage (49kV) representative of a 72kV circuit. Further,
the cup contacts hold promise of yet higher commutation ability (also in Section
4-10.4). A1l three of the large cup Prototypes (namely #11, #12 and #14)

suffered from various difficulties in manufacture (see Sections 4-8.1, 4-9.4 and
4-10.4) which were not related to the cup design. However, despite these problems,
Prototype #14 showed the best overall performance. The test data from Prototypes
#11, #12 and #14 are discussed in sections 4-8.2, 4-9 and 4-10, The cup electrode
configuration is more massive than the bridging electrodes of our second choice
Prototype #13 (section 4-10.1), and the use of the cup configuration in a practical
circuit would depend on the availability of improved actuators. Even with Proto-
type #13 the opening time to 20mm was limited by the actuator design to 1.4ms,

(see Section 4-10, Table 4-9).

5-2.2 Envelope - The envelope should be as large as possible. The largest practi-

cal choice at this time is 30.5cm. diam. ceramic. The device must be equipped with
shielded bellows of a design suitable for high speed operation.
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Experiments using these large 30.5cm diam. prototypes are discussed in sections
4-7 through 4-10. Care must be taken in the manufacture of these large volume
devices to assure good outgassing and high surface resistance on the inside of the
ceramic. The causes of less than perfect performance of three of the five large
devices have been identified and are discussed in sections 4-8.2, 4-9 and 4-10.

5-2.3 Arcing Gap - A gap of 20mm at the time of transverse magnetic application
gives the most consistent high current commutation.

The gap need not be larger than 20mm as the series connected vacuum interrupter
will withstand most of the recovery voltage (see Fig. 4-63 of Section 4-9.5).

A gap of 20mm was also shown theoretically (Section 2-2.2) and experimentally
{Section 2-2.3) to lead to reasonable values of BC and B.

5-3 CIRCUIT PARAMETERS

5-3.1 Parallel Circuit - The capacitor of the parallel circuit should be ~ 50uF
for current commutation levels of 12 to 14kA. This capacitor must be tightly
coupled such that the stray inductance is minimized.

The importance of reducing the stray inductance of the parallel circuit is dis-
cussed in sections 4-7.1 and in Appendix D-1.3. We accomplished a reduction in
inductance by the use of many parallel coaxial cables as discussed in Sections
4-7.3 and 4-8.1. The reduction of stray inductance was sufficient to raise the
resonant frequency of the parallel circuit to 15kHz even though the high voltage
capacitor was some 6 meters removed from the current limiting device.

5-3.2 Transverse Magnetic Field - An oscillating magnetic field is needed for
high current commutation. Its natural frequency f1 should be less t?an or equal
to half of the frequency of the parallel circuit, fz. The value of B should be
about 8000 T/s. The magnetic field should be provided by two coils, one on either
side of the current 1imiting device. These field coils should be connected

electrically in parallel both to minimize the inductance and to ensure that the
currents in each coil are in phase. Only enough capacitance should be used to
maintain the desired ringing frequency, f1,1ess than or equal to half f2.

The need for an oscillating transverse magnetic field is discussed in Sections

4-3.2, 4-4 and 4-7. Additional information appears in Appendix B which shows a
growing oscillation of current until a current zero occurs and commutation is
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actuated. The need for f1 to be less than or equal to half f, is discussed in
Section 4-7.1. An analysis of the effect of the ratio of f] to f2 could be per-
formed using the empirical model of the arc voltage discussed in Appendix C. An
optimum value for B of 8000 T/s is indicated by Fig. 4-20 of Section 4-3.1. As
discussed in Section 3-1.3, we used two turn magnetic field coils having a mean
diameter of 38cm. separated by a distance of 36cm. to accomodate the insulation
between the coils and the 30.5cm diam. device.

5-3.3 Series Vacuum Interrupter - The addition of a series connected vacuum in-

terrupter is a necessity for providing the high voltage withstand during the re-
covery voltage period.

The performance improvement associated with using a series connected standard
vacuum interrupter to provide the high voltage withstand is discussed in Section
4-7.1. The experiments with prototypes #13 and #14 discussed in Section 4-10 in-
dicate that increased performance was obtained by an elementary form of voltage
grading.

5-4 OPERATIONAL PARAMETERS

5-4.1 Actuators - The electrodes must be separated to 20mm in 1.5ms including
dead time.

The required times for the sensor and the actuator are discussed in Section 6. A
total actuation time of 1.5ms is assumed in that Section, but if this time were
greater than 1.5ms, the fault current rating of the device would have to be
reduced. Conversely, if this time were shortened, the rating could be increased.
The time period of 1.5ms includes dead time which for our repulsion coil actuators
is approximately 0.5ms. Hence the electrodes would have to be separated in 1.0ms.
A discussion of the device design to accomodate the stresses required appears in
Section 6-2.4.

We have used dual actuation to simulate the arc effects using the presently avail-
able repulsion coil actuators. Using dual actuation we have achieved an electrode
separation of 20mm in 1.4ms as discussed in section 4-10. This separation time of
1.4ms simulates an actuator with a dead time of 0.1ms.
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5-4.2 Separation Current - The current at the time of contact separation does .
not affect the subsequent commutation current level in the range of 12kA.

Experiments which showed a reduction of commutating ability when the opening of
the electrodes of Prototype #8 was delayed and the separation current was increased
are discussed in Section 4-6.1 and in Section 4-8.2.

However, the subsequent experiments discussed in Section 4-10 with Prototypes #13
and #14 confirm that the current at the time of contact separation does not affect
the subsequent commutation current level. The commutated currents used in all
these experiments were in the range of 9 to 12kA and the separation currents
ranged up to 8.5kA.
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Section 6

CONSIDERATIONS WHICH AFFECT RATING

6-1 INTRODUCTION

At Westinghouse, we have been simulating fault currents in the laboratory and com-
mutating these fault currents into a parallel connected resistive circuit. During
these experiments the vacuum device has been subjected to realistic recovery voltages
of approximately 50kV with a rate of rise of recovery voltage of 2.5 x 108 V/s.

The vacuum device is only part of a fault current limiter which includes a sensor,
actuator, transverse field tube and series vacuum interrupter. In this part of the
final report we will look at the individual components and in the last sections,

6-5 and 6-6, we will put the components together, making reasonable assumptions about
their operations, and estimate a potential rating for the fault current Timiting
system.

Section 6-2 discusses actuator speed considerations. We compare what we have
achieved in the laboratory during Phase I and Phase II of this project with what
is required of an actuator in a practical system. We further discuss the limita-
tions imposed by electrode acceleration on electrode stem design.

In Section 6-3 we discuss the sensor and actuator as a system. One sensor design
is described in Reference (10). It uses both current magnitude, I, and rate of
change of current, di/dt, to sense a fault. Once both 1imits have been exceeded
the device waits for a period of time, called the discrimination time, before the
actuator of the current limiting device (CLD) is triggered.

We have been simulating symmetric fault currents in the laboratory, and an example
of a symmetric fault current as a function of time is shown in Figure 6-1. The
numbers 1 and 2 which appear in the Figure will be described below in more detail.
There has been concern that an asymmetric fault may be more difficult to limit
because the sensor would give a trip signal too late. An example of an asymmetric
fault is shown in Figure 6-2.
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In section 6-4 we calculate the needed parallel resistance to limit the fault ‘
current and from this we determine the steady state voltage which will be applied

to the 50uF capacitor bank. From this voltage we calculate the size and cost of

this capacitor bank. A transient analysis shows that the peak voltage is not much

greater than the steady state voltage. We continue in section 6-4 to compare the

recovery voltage used in the laboratory with the voltage a vacuum device will be

subjected to as a part of a fault current 1imiting system.

Current

Time ——»

Figure 6-1. Symmetric fault current, o = 0.

In Section 6-5 we consider a current limiting device application. In the first part
of this section we make a preliminary investigation of the effect of sensor charac-
teristics on prototype rating. In all cases we are considering that the magnetic
field can force a current zero at current levels < 14.5kA (the highest commutation
current we have achieved to date). For the first calculations, Sub-section 6-5.3,
we assume that the sensor is tripped for the dual conditions of I > 3kA, in a system
with an available symmetric fault capability of 15kA rms, and di/dt > di/dt at the
3kA Tevel in a 15kA rms symmetric fault. It is shown that this di/dt criterion is
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inadequate. A second approach is considered in Sub-section 6-5.4 where we look at
a practical circuit and determine an appropriate di/dt criterion. The current
Timiter is assumed to be Tocated in a 72kV substation with two high voltage Tlines
(e.g. 230kV) coming in and several 72kV lines leaving. Within the substation the
current limiter is assumed to be located at the secondary terminals of one of the
transformers and/or at the tie breaker location. In either location we consider

the available symmetrical fault current is 15kA rms and the current must be 1imited

to the equivalent of a 7.5kA rms symmetrical fault. Analysis of this circuit shows

the need for a lower di/dt trip value, and the implications of this criterion
relative to operation of the vacuum limiter in the system described above are
discussed in Section 6-6.

Current

Time — \

Figure 6-2. Fully asymmetric fault current, o = 1.

6-2 ACTUATOR SPEED CONSIDERATIONS

6-2.1 Introduction

In a practical current limiter the electrodes will have to be separated a distance
of 20 to 30mm in 1.5ms or less. This requires a sophisticated actuator, and the
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high accelerations also influence the design of the vacuum device. Westinghouse is .
not involved with the design of an ultra-high speed actuator. However, we have con-

sidered the potential stresses on the vacuum device, and the influence this will

have on the stem designs. In Section 6-2.2 we give the Westinghouse background on

high speed current limiter operation. A brief Summary of the actuator specifications
requested by Westinghouse appears in Section 6-2.3 and this is followed in Section 6-2.4

by calculations of the stem diameter required to meet the actuator specifications.

Section 6-2.5 discusses the levels of acceleration which have been encountered in

previous Phase I and II experiments.

6-2.2 Background

In Appendix C of the Phase I final report (1)  we discussed the need for parting
the contacts of the vacuum device to a spacing of 30 mm in a time period of about
one millisecond. As a realistic design goal we relaxed the requirement to 30 mm

in 2.0 ms. The achievement in Phase I is outlined in Table 6-1. The actual device
being operated was a standard vacuum interrupter with a metallic arc shield. The
moving mass was only 2 kg, and no current was passing through the device at the time
of the experiment. After each operation the actuator required minor maintenance
such as re-attachment of the cushion pads which were positioned between the movable
coil drive plate and the three shock absorbers. We achieved a maximum velocity of
17 m/s. Further, the repulsion coil actuator was quite efficient with a conversion
of stored electrical energy to mechanical (kinetic) energy at an efficiency of 16%.

Table 6-1

ACHIEVEMENT IN PHASE I
(ONE TIME ACTUATION)

Mass = 2 kg

Power Supply Energy = 1800 J

Maximum Velocity = 17 m/s

Kinetic Energy = 290 J
Efficiency = 16%
Achievement: 20 mm in 2.0 ms

(including dead time)
or
20 mm in 1.5 ms
(not including dead time) ‘
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Our high speed achievement during the first 18 months of Phase Il is shown in
Figure 6-3. There we moved 1.8 kg a distance of 20 mm in 2.1 ms. This represents
a working tevel of stress on the Westinghouse repulsion coil actuator, and we were
able to perform 38 experiments before the actuator needed repair. Later,during
experiments with Prototype #13 with stainless steel stems and 52% reduction of the
moving mass, we achieved an electrode separation of 20 mm in 1.4 ms + 0.5 ms of
dead time moving two electrodes. We were able to perform seven experiments before
the actuator needed to be repaired.

Travel 0 —
0 —

20 mm —

29 mm —

Velocity 14 m/s —

Time, 1 ms/Div

Figure 6-3. Typical travel and velocity oscillogram for the small electrode of
Prototype #8. There was 20mm separation in 2.6ms (2.1ms + 0.5ms of
dead time).

The minimum electrode separation time is limited, in part, by mechanical damage to
the vacuum device. At high accelerations, the yield stress of the stem material
will be approached, and this will Tead to stem deformation. We will focus on this
failure mechanism in Section 6-2.4. However, it should be noted that other failure
mechanisms can occur. For example, the insulated coupling between actuator and stem
has to survive the rapid acceleration. Further, the rate of change of acceleration
(jerk rate) must be kept to a minimum to avoid undesirable oscillations in the
moving and stationary parts. Finally, the electrode could separate from the stem.
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6-2.3 ' Actuator Specifications .

The Westinghouse Repulsion Coil Actuator has been described in the Phase I Final
Report (1) and has been used for all our experiments with vacuum arc current
commutation. This actuator is an efficient, reliable and moderate speed device.
It could be redesigned and strengthened to increase its operating speed and
reliability, but that is beyond the scope of the present project.

In order to obtain a high speed actuator for our use, the Electric Power Research
Institute issued a Request For Proposal (RFP 564-2) in March, 1978. In the initial
specifications, the actuator to be supplied was required to move a mass of 3.5 kg
a distance of 30 mm in 1.5 ms or less. Further, it was required to move a smaller
mass, 2.0 kg, a distance of 30 mm in 1.0 ms or less. Westinghouse responded with
a solid propellant actuator design and Gould/ITE responded with a combination re-
pulsion coil and high pressure piston design.

From the responses to the RFP, it was apparent that the requirements of 30mm in
1.5ms and 30mm in 1.0ms entailed extremely sophisticated actuator designs.
Accordingly, we reduced the specification to 20mm/1.5ms and 20mm/1.0ms. Despite
this reduction in specification, the actuator still proved too expensive to
justify development at this stage in the project. In the next Section we will
show that the attainment of electrode spacings of 20 to 30mm in times of 1 to
1.5ms places difficult, but not impossible, design requirements on the electrode

stem.

6-2.4 Limitations Imposed by Electrode Acceleration on Electrode Stem Design

Table 6-2 illustrates the g values required to achieve a given separation in a
given time. The required acceleration increases linearly with separation, but
inversely as the square of the time period. Notice particularly the Tast two
lines of Table 6-2 where the acceleration is more than doubled when the required

time period is shortened from 1.5 to 1.0 ms.

We can calculate the maximum allowable acceleration by looking at the construction
of the vacuum device. In practice, it is necessary to select three or four

places along the electrode stem where the stem might fail. The stress is then
calculated at each of the points relative to the mass to be moved and the cross
sectional area. The maximum allowable stress o , which can be developed in the
OFHC copper stems is 7 x 107 N/mz. The re]aggon between stress and force is

F=o0 A (6-1)
’ @
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where A is the cross sectional area of the electrode stem at the expected point of
failure. The relation between acceleration and force is

F
a =y (6.2)

where M is the mass being accelerated by the force developed in the section where
failure might occur.

The strength of the electrode stem can be increased by increasing the diameter.
However, the allowable acceleration does not increase linearly with the cross
sectional area because the mass to be moved increases as the stem diameter in-
creases. The first column of Table 6-3 presents the results of calculations

Table 6-2

Acceleration Required as a Function of
Different Electrode Separation Requirements

S=1/2 a t2 where S is the electrode separation, a is
the uniform acceleration and t is the time.

minimum acceleration
required, multiples of the

S, mm time, ms acceleration of gravity, g's*
30 1.0 6100

30 2.0 1530

20 1.0 4100

20 1.5 1800

*Acceleration of gravity is 9.807 m/s2

using an OFHC copper stem 24cm long moving an electrode mass of 2.6kg. For a de-
sign goal of 4000g's (20mm in 1.0ms) it will be noted from Table 6-3 that unreason-
able stem diameters are required. However, a copper stem diameter of between 3.8
and 5cm would prove adequate for separating the contacts a distance of 20mm in 1.5ms.
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Table 6-3

Calculation of Allowable Acceleration as
a Function of Stem Diameter

e Stress Considerations; Yield Strength of Fully Annealed OFHC Copper is
7% 107 N/N\2

j__>
le—— 24 cm ————>|

Copper, ‘Al St. Steel
Stem Diameter | OFHC Copper St, Steel Reinforced Stem
St. Steel Core
Diameter
L.9cm 633 g 0.95cm 1100 g 2600 g
2.5¢cm * 980 g L3 cm 1700 g 4100 g
3.8cm* 1600 g 1.9 cm 2800 g 6600 g
5.0cm 2100 g 2.5 ¢m 3600 g 8700 g
254 cm 3200 g 12,7 cm 5600 g 13000 g

* Practical Stem Diameter

In the right hand column of Table 6-3 we have also listed the maximum accelerations
which could be used with stainless steel stems. Here the allowable yield stress

is 2.9 x 108 N/mz. A stem diameter of 2.5cm would permit an acceleration of 4000 g's.
In fact, a stainless steel construction would satisfy all of the acceleration re-
quirements in Table 6-2. On the other hand, stainless steel has a high resistivity,
and this stem would only prove suitable for experimental prototypes. Furthermore,

at the high accelerations of 4000g, we would anticipate problems with both the

coupler and the joint between the stainless stem and the electrode.

In order to combine the high yield stress of stainless steel with the high elec-
trical conductivity of copper, it would be practical to reinforce a copper stem.
The third column of Table 6-3 shows the diameter of the reinforcing rod, and the
overall acceleration which can be withstood by the larger diameter copper rod with
this reinforcement. For a copper rod diameter of 3.8cm, the maximum acceleration
is 2800g and this would readily permit electrode separation to 20mm in 1.5ms.
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6-2.5 Levels of Acceleration used in Previous Experiments

It is instructive to compare the levels of acceleration used in previous experi-
ments with the calculated maximum allowable acceleration.

Prototype #10 used a Bruce profile electrode design which represents a moderate

mass of 4.1kg. The calculated maximum acceleration of the movable electrode,

using Eqs. 6-1 and 6-2, is 1200g's. In our experiments we used an average accelera-
tion of 550g's over a period of 1.5ms. Consistent with calculation, this level of
acceleration did not damage the device.

Prototype #8 used a low mass, 5cm diameter bridging electrode. The mass to be
moved was 1.8kg and the calculated maximum acceleration is 2600g's. In our experi-
ments we used an average acceleration of 1430g's for 1.0ms. Again we did not
damage the device at this level of acceleration.

Finally, Prototype #9 used a cup electrode design. This design exhibits superior
performance over the Bruce profile electrode for a given electrode and envelope
diameter. Unfortunately, the cup electrodes are more massive. The movable
electrode of Prototype #9 is 5.3kg and this extra mass reduced the maximum allowable
acceleration to 930g's. The device was not damaged.

6-3 SENSING AND OPERATING TIME PERIODS

It is instructive to look at the time periods involved with the current Timiter
sensor and actuator system. Each time period is a critical part of the total time
to act upon the increasing fault current. In order to develop a high speed limit-
er, there has to be a concerted effort to shorten each time period to arrive at

a balanced and efficient final design.

The first time period involves the sensing of the fault. The present detector
designs(10). use level of current, I, and the rate of change of current, di/dt,
to detect the fault. Both set conditions must be exceeded before the discrimina-
tion time, the second time period is started. The purpose of the discrimination
time is to prevent nuisance tripping. A switching surge may cause both I and
di/dt to be exceeded without producing a real fault where the current Timiting
device should act. We assume a discrimination time of Q.2ms.

6-9



The third time period is the "dead time" which follows the trip signal from the
sensor. This is the time associated with build up of current in the repulsion
coils or, in pneumatic systems, the build up of pressure in the chamber. During
this period the electrodes will be stationary.

The fourth time period is the time required to separate the contacts of the vacuum
device. An excessive effort to shorten this time period will result in both an
expensive actuator and an expensive vacuum device which has to be constructed to
survive the high accelerations. These four time periods added together must be
minimized or the fault current will have reached damaging levels before the device
acts. Further, if the current is too large, the vacuum device may not commutate.

Reducing each time period represents a cost, and each period must be reduced to
the minimum consistent with an optimized overall cost and reliability.

6-4 CIRCUIT RECOVERY VOLTAGE

6-4.1 Introduction

Most of the Phase 11 experiments have used parallel capacitance of 50uF and it is
worthwhile to consider the size and cost of such a capacitor in a practical 72kV
circuit. Let us consider two levels of fault current 20 and 24kA peak which are
limited by a resistor to a value of 10 to 12kA. In order to simplify the calcu-
lation, we assume that the steady state voltage developed across the current
limiting resistor R in Fig. 6-4 is the limited fault current, IL’ multiplied by R.
Then the crest voltage VC’ across the capacitor is related to the three phase line
to line circuit voltage, VLL’ the potential fault current, I_, and Timited fault

p
current, IL’ by the following equation:

Vo = RI

C L

where

R
I I
L p
where Ip is the crest value of the potential fault current and IL.is the crest

value of the limited fault current. VLL is the rms line to line voltage.



Vacuum Fault
Vv Device

XL ~ Equivalent Source and Line Reactance

R ~ Current Limiting Resistance
C ~ Current Limiter Capacitance

Figure 6-4. Basic current limiter circuit for recovery voltage analysis.
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6-4.2 Steady State Analysis

The size and cost of the 50uF capacitor bank is a function of its voltage rating.
We will assume that a 50kV over-voltage lasts for 30 cycles and that the duty cycle
is 12 such over-voltages per year. According to N.E.M.A. specifications, the
allowable over-voltage is then 2.4 times the crest value of the capacitor rated
voltage. To provide a safety factor we will use only a factor of two. Thus, the
capacitor rated voltage is

50kV =

For the required 50uF capacitance, 27 capacitors each having a value of 1.85uF
with a 17.7kV voltage rating would be necessary. The size of each capacitor
would be 15cm thick x 57cm high x 34cm deep plus the height of the bushing, and
the cost of the capacitor bank per phase would be about $15,000,

The above calculations reinforce the need to reduce the magnitude of the parallel
capacitance. In particular, the physical size of the three 50uF capacitor banks
for a practical three phase limiter could prove a major obstacle to device appli-
cation.

6-4.3 Transient Analysis

A transient analysis was made of a single phase simplified circuit shown in Fig. 6-5,

The basic differential equation for the voltage in the circuit of Fig., 6-5 is

2
d-v
c L c v
—= o+ = = + ‘¢ = e (t)
dt2 R dt

LC

where e (t) = Em cos (vt + 8).

Assuming the potential fault current, (I ), is symmetrical, 6 is the electrical angle
from current zero to the time where the fault current, (Ip), is limited by being
commutated into the R C network. This angle 8 is

6 = arc sine (IL/Ip)



VAAAS —$
—
+
elt) O ¢ — R Ve
.
e (t) =E_ cos(wt+ 6)
m
t=0 {VC:O dVc _IL/C
i=IL dt —

Fig. 6-5. Schematic of the equivalent circuit for analyzing voltage across the
capacitor (C) - Resistor (R) network of current limiter. The figure
shows (1) the initial conditions when current is commutated from the
CLD to the R-C network, and (2) the relation of the potential fault
current to the source voltage waveforms.

Using the initial conditions at instant of current commutation, (t = 0), where

VC =0 and dvV, = IL » the solution to the differential equation was solved and
dt —
C

the voltage, VC, versus time was solved for four different cases. The transient
voltage across the capacitor bank, VC, as a function of time following the instant
of current commutation is shown in Fig. 6-6.



70 T T | T T T

60 |- ]
50 |— _
=
g0 7
=
S
2 30 H _
(=%
S
20 H-
L I 1
a 20kA 10kA
oll b 2DkA 12KkA |
C 24kA 10kA
d 24kA  12KA
0 | 1 | 1 1
0 1 2 3 4 5 6 8

Time From Current Commutation, ms

Fig. 6-6. The transient voltage waveforms which develop across the current Timiter
R-C network as a function of time from the instant of current commutation in the CLD.
Waveforms are shown for different peak fault currents Ip and limited current, IL.
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. The results of the peak transient voltage are given in Table 6-4.

Table 6-4

Peak Transient Voltage Across Capacitor
Bank for 72kV Current Limiter

Potential Limited Current Peak Transient Peak a.c.
Fault Fault Limiting Voltage Voltage
kA(pk) kA(pk) Resistance, ohm kv kv
20 10 5.09 58.9 50.9
20 12 3.92 50.9 47.0
24 10 5.34 62.9 53.4
24 12 4.24 58.2 50.9

The worst case is the one in which a potential fault of 24kV(pk) is Timited to 10kA.
Here a transient voltage of 63kV can develop across the capacitor bank. Since

this voltage is only 18% above the peak a.c. value and lasts for less than one
millisecond, this overvoltage should not overstress the capacitor bank. Besides,
according to the transient voltage analysis described in reference (1) on a 145kV
current Timiter, the effect of the system in which the current Timiter is connect-
ed lowers the transient voltage. Therefore, it is expected that the transient
voltage would also be Tower than that shown in Table 6-4 because of the system
effects.

A similar analysis was performed assuming the potential fault current is asymmetri-
cal. The results show that the peak transient voltage is Tower than for the symmet-
rical current case.



6-4.4 Recovery Voltage Comparisons

The needed recovery voltage impressed upon a vacuum device in a 72kV circuit appears
in Fig. 6-6. We do not have a 72kV power circuit in our laboratory but we can
simulate the recovery voltage. The recovery voltage appearing across prototype #14
when it commutated 12kA appears in Fig. 4-67. This recovery voltage should be com-
pared with curve b of Fig. 6-6 and such a comparison appears in Table 6-5. Also
shown in Table 6-5 for comparison is a 12kA commutation using prototype #12. This
recovery voltage is shown in Fig. 4-44 of Section 4-6.2.

Referring to Table 6-5 we see that the current being commutated and the initial
part of the recovery voltage curve for both the high voltage and low voltage ex-
periments are identical to the calculated required recovery voltage. However the
source voltage in a power circuit changes with time as a cosine function. Our
experimental circuit has a low and steady voltage so we must compensate in the high
voltage experiment by increasing the value of the parallel resistance to 272. In
the low voltage experiment we could use the appropriate parallel resistance because
we limited the voltage to 11.5kV. Because of the small L and large parallel R in
the H.V. experiments,we reached the peak voltage in 0.3Ims rather than the desired

0.95ms. Hence the Westinghouse experiments may have been more severe than necessary.

The time to peak for the low voltage experiment notes only the time at which the
spark gap limited the voltage. As far as the peak magnitude, the Westinghouse 49kV
is a good simulation of the desired 50.9kV.

Table 6-5

RECOVERY VOLTAGE COMPARISON

Current Being Initital Source Parallel Time to Peak
Commutated, Rate of Voltage, Resistance, Peak , Magnitude,
kA Rise, V/s kv Q ms kv
Calculated, 12 2.4 x 108 59 cos 3.92 0.95 50.9
Curve b, (wt + 4)
Fig. 6-6
High Voltage 12 2.4 x 108 0.4 and 27 0.31 a9
Experiment steady
with Prototype
No. 14
Low Voltage 12 2.4 x 108 0.0 3.33 0.059 Limited to
Experiment 11.5kv
with Prototype
No. 12



6-5 EXAMPLE OF A CLD APPLICATION
6-5.1 Introduction

In this section we look at a current limiting device application and we analyze the
transient current which flows through a current limiting device. The underlying
purpose is to bracket the Timits on a possible rating for such a device. We look
at different degrees of asymmetry to the fault current and we use realistic fault
sensing and actuation times to determine the level of current which must be
commutated by the vacuum device. These calculated currents will be compared with
currents we have commutated in the laboratory.

We will first Took at the equation for the fault current as a function of time and
second we consider some fault sensing conditions. In subsections 6-5.4 through
6-5.6 we evaluate a practical circuit to determine a di/dt fault current

sensing criterion when the fault current could be as high as 15kA rms symmetrical.
Subsection 6-5.7 is a repeat of the analysis when the fault current is 10kA rms.

6-5.2 Background Equations

The equation for the fault current i as a function of the time, t, following the
fault is given by Greenwood (11) as

v

R m . wL
i= sin {wt + 6 - arctan (37))
RZ + (wl)2 [ R
wl Rt
- sin (& - arctan (ﬁ_) e L) (6-3)

where vm is the source voltage, R the source resistance, L the source inductance,
w is the circular frequency of the source and 8 is the angle in the voltage cycle
at which the fault occurs. We can simplify by substituting

a = - sin [? - arctan (QLJ]

R
I—v"‘
-,
M VYRZ 4+ (wL)?
and
- R
B =1



into Eq. 6-3. Here Im is the maximum current of a symmetric fault. After substi-
tution we obtain

i=1 [sin (ot - arcsin a) + o e 'Bt] . (6-4)

Differentiating Eq. 6-4 with respect to time we obtain

%%-= Im [m cos (wt - arcsina) -a B e 'Bt] . (6-5)

When o = 0 we have a symmetric fault current and when o = 1 we have a fully offset
asymmetric fault current, o can have any value between -1 and +1. Figure 6-1 is
a plot of Eq. 6-4 when o = 0 and Fig. 6-2 is a plot of this equation for o = 1.

oL of the source is assumed to be 15.
R

6-5.3 Sensor Set at I = 3kA and di/dt (3kA)

Consider the situtation of having a fault of 15kA rms symmetric and just barely
detecting this fault. By barely detecting we mean that the di/dt level is set to
just detect and trip when the current level reaches 3kA. For example, if the
fault occurs at point 1 in Fig. 6-1 (t = 0), the. detection will occur at point 2.
For a 15kA symmetrical fault

I = /715 x 103 = 21.2KA,

di/dt = 8 x 10° A/s at point 1 (from Eq. 6-5)

and

7.92 x 106 A/s at point 2 when the current reaches 3000A (QL-= 15).

di/dt R

If we let 7.92 x 106 A/s be the trip level we can calculate if the trip signal
occurs with a fully asymmetric fault (o = 1). With any degree of asymmetry, o > O,
there is a direct current component which decays with time:

from Eq. 6-4. Whenever i is greater than zero, by Eq. 6-5, the di/dt is reduced
everywhere by

-t
- Im a B e



Hence the greatest slope when o =1 and 0 <t < 8ms is 7.52 x 10'6 A/s which
occurs at t = 4.2ms after the fault. This greatest slope is less than the trip
level of 7.92 x 106 A/s. Thus we will never obtain a trip signal from our sensor,
and the sensing condition is inadequate.

6-5.4 Evaluation of a Practical Circuit to determine a di/dt Criterion

The current limiter is considered to be located in a typical 72kV substation with
two high voltage lines (e.g., 230kV) coming in and several 72kV distribution lines
leaving. Within the substation the current limiter could be located either at the
secondary terminals of one of the transformers or at a tie breaker Tocation.

Fig. 6-7 is a line diagram of a substation showing the positions in the system
where the current limiter could be Tocated. Position A is the transformer
secondary terminals and position B is the bus tie breaker position.

We assume the maximum symmetrical available fault current, IA’ is 15kA rms for
either position A or B. The available major loop peak current is

IPA =2.7*% IA - 40.5kA

For the sake of our calculations we have assumed that the current must be Timited
to no more than one half of the available major loop peak current. Hence

_ 40.5 _
IL =5 = 20.2kA

*Dodds (10) cites ANSI C37.06 which gives the factor 2.7
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Figure 6-7. Typical substation where the Fault Current Limiter would be applied

Location A - Transformer secondary position
Location B - Bus Tie position

A comparison of the fault currents in question appears in Fig. 6-8. Curve 1 is a
15kA symmetric fault (o = 0) and curve 2 is the corresponding asymmetric fault

(0 = 1). Curve 3 is a 7.5kA symmetric fault (a = 1). Any fault current has to be
limited to values less than curve 4.

We can use the magnitude, I, and the slope of the current to detect the fault. The
greatest slope, di/dt, when o = 1 and the fault current is 7.5kA, can be calculated
from Eq. (6-5):

(di/dt) . = 3.76 x 10° Ass. (6-6)
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Current, kA

Figure 6-8. Comparison of 7.5 and 15kArms symmetric and asymmetric fault currents

This maximum slope occurs approximately 4.2ms after the fault. This is the highest
reasonable setting for the fault current sensor in order to be able to at least
detect a potentially damaging fault (IPA > 20.2kA). Other criteria could be used.
For example, Dodds et al (10) suggest detecting a current that is 6 times the
normal maximum continuous load current. The maximum continuous load current, I in

such a system could be as high as 2.0kA. The maximum rate of change of this load
current, di/dt, is

%% = 2160 (2.0 x 10°) = 7.5 x 10° A/s. (6-7)

For this we could set our sensor to trip when di/dt exceeds 6 times the slope from
Eq. (6-7)

(g%- =6 x 7.5 x 10° = 4.5 x 10% A/s.
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If we set the detector to 6x normal current we could have an undetected potentially
damaging fault current. However, if we set the detector to 5x maximum continuous
load current, still a reasonable setting, the two criteria coincide at the value
calculated in equation 6-6.

6.5.5 Implications of a Sensor Set for I = 3kA and di/dt = 3.76 x 'IO6 A/s

If we have our sensor set to trip at I = 3kA and di/dt = 3.76 x 106 A/s we can
calculate what level of current the CLD must commutate for two cases of a = 0 and

a = 1. The following discussion assumes that there is a maximum 15kA rms symmetric
fault current available from the source. Referring to Fig. 6-1, for a = 0 the

fault occurs at point 1, t = 0, and the current reaches a level of 3kA at point 2,

t =0.377ms. The di/dt = 7.92 x 106 A/s at this point so we have an alarm and we
start our discrimination time. After a pause of 0.2ms we find I > 3kA and di/dt >
3.76 x 106 so the sensor issues a trip signal to the actuator at 0.577ms. After

an additional 1.5ms the electrodes have reached the desired separation, the magnetic
field is applied and it reaches the critical value at t = 2.07ms after the occurrence
of the fault. At this time the current has a value of 15kA, and is commutated into
the parallel resistance.

For the case of o = 1 we can refer to Fig. 6-2 where the fault is asymmetric. The
fault occurs at point 1, t = 0, and the current reaches 3kA at t - 1.62ms, point 2.
At this time the rate of change of current, di/dt is 4.1 x 106 A/s. Since both

I and di/dt have exceeded the limit, we start the discrimination time. After 0.2ms
the sensor issues a trip signal to the actuator and, after an additional 1.5ms

(t =1.62 +0.2 + 1.5 = 3.32ms), we apply the magnetic field. At this instant the
current is 12.9kA and it is commutated into the parallel resistance with resulting
Timitation.

A summary of all of the above data appears in Table 6-6 together with the case for
a = 0.5. For this case, a higher current must be commutated than for either the
symmetric or the asymmetric fault.

We have demonstrated commutation of 14.5kA in the laboratory and it is instructive
to see the time at which the current equals this value. This time appears in Table
6-6 and shows how small the combination of actuator and sensor times must be to
permit the CLD to commutate before the fault current exceeds 14.5kA. Basically,

the commutation tevel of our present 15kA rms device would have to be improved if
the sensing criteria were unchanged, with the discrimination time remaining at 0.2ms
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‘ and electrode separation in 1.5ms. Alternatively, the potential device rating would
have to be reduced from 72kV/15kA to about 72kV/12KkA.
Table 6-6

Requirements for Commutation of 15kA Fault
Current with a Detection Level of 3kA (wL/R=15)

(wl)_
ub)= 15
. Time of Current to be Time at which
tp, for 31/dz/zt Commutation, Commutated, Current reaches

o 3000A,ms 2° ms kA 14.5kA,ms
0 0.38 7.9 x 108 2.08 15.0 2.0
0.5 0.43 7.2 x 10° 2.13 15.9 1.943
1.0 1.62 4.1 x 10° 3.32 12.9 3.55

6-5.6 Implications of a Sensor Set for I = 5kA and di/dt = 3.76 x 106 A/s

If we reduce the sensitivity of the fault current sensor to a current level of
5kA, the limiter would have to commutate higher currents in a 15kA rms circuit.
The corresponding data for the 5kA trip level appear in Table 6-7. The currents
which must be commutated range from 16.1 to 17.9kA. These currents are beyond
those so far demonstrated in the laboratory with 50uF of parallel capacitance.

Table 6-7

Requirements for Commutation of 15kA Fault
Current with a Detection Level of 5kA{wL/R=15)

Time, t2, after

Time after current Time at
current zero for zero for field which current
start of di/dt at application and Current to reaches
o discrimination t.. A/S commutation, be commutated, 14.5kA,ms
L period, ms 2° ms kA
0. 0.63 7.8 x 10° 2.33 16.3 2.00
0.5 0.70 7.5 x 106 2.40 17.9 1.94
1.0 2.06 5.1 x 106 3.76 16.1 3.55
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In order to use this detection scheme, it would be necessary to increase the amount
of parallel capacitance from 50uF to perhaps 100pF. Alternatively, the sensor
discrimination time and actuator opening time would both have to be reduced.

6-5.7 Implications of a Sensor Set for I = 3kA or 5kA and di/dt = 3.76 x 106 A/s
in a Circuit with a Maximum Fault Current Level of 10kA rms Symmetrical

It is instructive to apply the same di/dt criterion (3.76 x 106 A/s) with sensor
fault levels of 3kA and 5kA in a circuit with a lower potential fault of 10kA

rms symmetrical. As would be expected, the current levels attained at reasonable
times following fault current detection are lower than observed in Sections 6-5.5
and 6-5.6 and the calculated data appear in Table 6-8.

Tahle 6-8

Requirements for Commutation of 10kA Fault
with Detection Levels set at 3 and 5kA

Time at which

. ) Stqrt of Current current would
Detection discrimination Time of to be reach 14.5kA,
Level, period di/dt at Commutation, commutated, ms,if the FCL
kA o t2’ ms t2, A/s ms kA was not acti-
S vated
3 0 0.57 5.2 x 10° 2.27 10.7 et
3 1.0 2.32% 3.8 x10" 4.0 12.0%% 4.52
5 0 0.96 5.0 x 10° 2.66 1.9 -
5 1.0 2.51 4.0 x 10° 4.21 13.0 4.52

*  The current never reaches 14.5kA (10kA x vZ = 14.14kA)
** The discrimination period does not start until di/dt exceeds 3.8 x 106 A/s
*%* This would have been 10.2kA if we used I only to sense the fault

6-6. IMPLICATIONS FOR A PRACTICAL CURRENT LIMITING DEVICE

In order to associate a prototype current limiter with a particular rating it is
necessary to know (a) the maximum current which can be reliably commutated from
the device (limiter characteristics) (b) the time for the actuator to separate
the contacts (actuator characteristics) (c) the time for the sensor to detect

the fault plus the sensor discrimination time (sensor characteristics). Further,
it is necessary to understand the overall circuit and the level of protection re-

quired (circuit characteristics).
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The present study is preliminary in nature, but serves to indicate some of the im-
portant time considerations. For exampie, it is inadequate to specify that a sen-
sor should be triggered at a given current level in symmetric fault, and that the
sensor should trigger at this same di/dt level for an asymmetric fault. Further,
for a given sensing level and di/dt, the fully asymmetric wave may not require

the highest commutation level. A fault with a = 0.5 may be more exacting.

The present prototype would prove adequate for operation in a system with a 10kA
rms maximum available symmetrical fault current, with an electrode separation time
of 1.5ms and a sensor set to trigger at a 3kA level (di/dt > 3.8 x 106 A/s). How-
ever, the prototype would be unable to handle a 15kA r.m.s. fault under these same
conditions. In fact, for the particular circuit studies, the potential rating
would be between 72kV/10kA and 72kV/15kA.

6-25



Section 7
CONCLUSIONS

We have developed a current limiting device in which the continuous current is
carried by closed "in 1ine" electrodes. When a fault is detected, we have shown
that it is feasible to separate the electrodes a distance of 2cm in 1.4ms, and
subsequently commutate the current into a parallel current Timiting resistor via
the application of a high frequency transverse magnetic field. With a conventional
vacuum interrupter connected in series with the current 1imiting device, and with
a 50uF parallel capacitor, we have shown that it is possible to commutate currents
of 12kA into the parallel resistor against recovery voltages of 50kV. Currents

of 14.5kA were commutated at lower circuit voltages.

The major conclusions relative to high current, high voltage commutation perfor-

mance are:

e use large diameter electrodes within large diameter (30.5cm) ceramic
electrodes.

® use cup type electrode configurations or plain disk electrodes equipped
with a light bridging electrode.

® use a series connected vacuum interrupter to withstand the recovery
voltage following commutation into the parallel circuit.

e minimize the inductance associated with the leads to the parallel
circuit.

e use a high frequency high amplitude oscillating magnetic field

e it is feasible to design vacuum devices with stems and bellows
capable of the rapid accelerations associated with electrode spacings
of 2cm in 1.5ms

¢ the sensor should detect both di/dt and current level before tripping
the actuator. Further, the discrimination time should be minimized.

In determining a rating for the present device, we have considered a fault current
limiter applied at either a transformer secondary terminal or in a tie breaker
position. We have assumed that the sensor is set to trigger at a 3kA level and
di/dt > 3.8 x 106 A/s, that the sensor has a discrimination time of 0.2ms, and
that the actuator subsequently opens the electrodes to 2cm in 1.5ms. We conclude
that in a 72kV circuit with an available fault of 10kA r.m.s., application of the
present system would reduce the peak fault current by half. With a slightly

7-1



reduced discrimination time and/or actuation time, the limiter would produce the ‘
same proportionate effect in a 72kV circuit with an available fault current of
T15kKA r.m.s.
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Section 8

RECOMMENDATIONS FOR FUTURE
WORK AT 145kV

We have developed a vacuum current Timiting system comprising a transverse field
device, a series conventional vacuum interrupter, and a parallel capacitor and
resistor network. This system is shown in Figure 1-1. We have established that
the system is capable of commutating fault currents of 12kA instantaneous in si-
mulated 72kV circuits. In Section 6 we have shown that this fault current Timiter
could be applied at either a transformer secondary terminal or in a tie breaker
position to limit faults in circuits with r.m.s. values of 72kV/10kA to 72kV/15KA.

We consider that the fault current commutation limit, and reliability, could both
be improved by additional experimental and theoretical investigations. A further
goal would be reduction in the magnitude of the parallel capacitance. We further
consider that the system shown in Figure 1-1 should be evaluated as a module for
a 145kV device, with two of the modules connected in series for 145kV operation.

Our specific recommendations for future work on this vacuum-arc current limiter
concept involve three parallel efforts.

e Experimental evaluation of additional prototypes.

o Analysis to determine the recovery voltage associated with a 145kV
module and the overall 145kV rating.

e Conceptual design of a prototype 145kV three-phase current Timiting
device.

With respect to experimental evaluation, the present work indicates that future
prototypes should be made with 30.5cm diameter ceramic envelopes, and with two
movable electrodes to permit simulation of high speed actuation. Further, all
experiments should involve a series conventional vacuum interrupter, and should be
performed in a high voltage circuit which simulates one half of the recovery
voltage associated with a 145kV system. Prototype variables would include elec-
trode shape, including split electrodes to force multiple bridge points, and also
electrode materials. Additional variables would be the use of saturable reactors
and magnetic field waveshapes,
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With respect to circuit analysis, the first objective would be to assist the ex-
perimental program by determining the recovery voltage associated with one module
in a 145kV circuit. A second objective would be to establish a rating for the
overall 145kV device. This would involve analysis of circuits requiring fault
current Timiters with due consideration of the current commutation characteristics
of the device under development. The analysis would also require an assumption

of the high speed actuator and the sensor characteristics. At this stage we would
not recommend an exhaustive study of system interactions using, for example, analog
computer studies. Rather we recommend an analysis which focusses on identifying
circuit applications without determining the detailed interaction between the
current Timiter and the protected circuit. The rating analysis should include
factors such as the location of the current limiter relative to transformers and
the types of circuit devices to be protected. Other considerations should include
duty cycle requirements, protection requirements, coordination with system devices,
and qualitative effects on system stability.

With respect to a conceptual three-phase design, we recommend the layout of an
overall 145kV current limiting device. This device would be designed to meet the
rating developed from the research evaluation of prototypes, and also the circuit
analysis. The layout should be performed by personnel who are familiar with the
packaging of capacitor banks and vacuum apparatus. However, research personnel
would have to cooperate in selecting the type of vacuum devices required for

145-kV duty. For example, it may be reasonable to use two of the 72-kV devices
shown in Figure 1-2 connected in series. This would involve two transverse field
devices and two conventional interrupters. A possible disadvantage with this
system would be the capacitor connection to the midpoint of the two stages. The
arc currents in each stage would not necessarily be equal during magnetic field
application, and in particular the arcs could extinguish at different times.

This would result in uneven distribution of the recovery voltage during commuta-
tion. An alternative consideration would be use of a single transverse field
device in series with three conventional interrupters, with a capacitor connected
in parallel with the series arrangement, The decision between these two configura-
tions will involve analysis of the parallel circuit, layout considerations for
minimizing inductance in the parallel capacitor circuit, and cost considerations.
The overall layout should include the transverse field devices,

the series vacuum interrupters, the magnetic field coils and associated power
supplies, the capacitor banks, the insulators, and the mounting platform. Reason-
able assumptions would have to be made concerning the space and power required
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by the sensors and high speed actuators. The layout should include all the
necessary power supplies and control circuitry for a functional device.

This recommended Phase 3 program would terminate with a final report which would
summarize the progress, provide specifications which would permit the design and
fabricating of a high-speed actuator, and contain a specific design of a prototype
145-kV three-phase CLD having an established objective rating.
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Appendix A
THE PLASMA STRUCTURE

A-1 INTRODUCTION

This Appendix presents a calculation of the shape of a cylindrical plasma in a
transverse magnetic field, when all the current comes from a uniform array of
cathode spots aligned parallel with the field lines, as in Figure 2-1b.

The first two of the following sections treat the classical theory of conduction
in a dilute plasma subject to a magnetic field, and the current distribution in a
non~uniform cylindrical plasma. Subsequent sections obtain the shape and height
of the plasma boundary, and some other results.

A-2 THEORY OF CURRENT FLOW

An electron in a dilute plasma subject to a reasonably large magnetic field makes
many revolutions between collisions with the jons of the plasma. Consider its
motion in the absence of collisions under crossed electric and magnetic fields,
E = (EX,O,O),_Q = (O,O,BZ); the equations of motion are

my, = 'eBsz - eEX s
mvy = eBZvX .
mv, = o ,

where v is the electron velocity, and e and m are the electron's charge and mass,
respectively. The solutions are

Vy = A sin mct .
v‘y = A cos wct - EX/Bz s
v, = const , (A-1)
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A being a constant of integration and We the cyclotron frequency

w, = eB,/m . (A-2)

It will be seen, from Eq. (A-1), that the electron rotates with arbitrary amplitude
at frequency We s and in addition drifts with a mean velocity V& = - Ex/Bz in the
y~direction, which is perpendicular to both the electric and magnetic fields; there
is no current parallel with the electric field. However, when scattering occurs
the electron orbit is displaced on average in the direction of the electric field;
therefore, as a result of scattering, some current does flow in the direction of
the electric field. The magnetic field changes our normal picture of conduction,
where electron flow is parallel with the electric field and is retarded by
scattering; here, no flow along the electric field would occur if there were no
scattering.

Conduction under magnetic fields has been extensively investigated. If there were
no magnetic field, one would have

EX =0 JX

where j is the current density, and o is the conductivity,

o= neZT/m , (A-3)

n being the electron density and T the scattering time. When a field Bz is present,

one must add to EX the electric field needed to produce the drift current jy = -neV&;

the relation between field and current is now

S P
EX =0 Iy *he Jsz ’

-1,
Ey—U Jy'neJXBz s
E. = o5 (A-4)
z°9 Iz - -

j B, . (A-5)

This transverse field, Ey, is the Hall field, and it acts in the right direction
to cause a current to flow along the x-axis even if there were no scattering. 1In
fact, the magnetoresistance vanishes altogether and the current in the x-direction

is given by

Jy = oFy
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A-3 THE CURRENT DISTRIBUTION

It will here be shown that the electron current lies in a thin layer adjacent to
the retrograde edge of the plasma. Since most of the cathode spots lie near a
single 1ine along the z-axis across the cathode, we may take jz = 0 provided that
there are many spots. The electric fields and currents 1lie in the x-y plane of
Figure 2-1b and the relation between them is given in Eq. (A-4). Terms involving
the plasma conductivity o are large only near the origin, where n is large.

From the quasistatic condition V x E = 0 one finds

3J 3J B
-1 P 2x oyl ooz s an ; on -
o [By 9X ) - en2 (Jx ax Jy By) ) (A-6)

where the relation V. j = 0 has been used. Since o1 is small compared with B_/en
(except near the origin), we see that j . Vn must be small in most of the plasma.

The current is therefore parallel with Vn except where V x j is large.

Further, the condition V. E = p/so, where p is the charge density, gives

N ¥y 1 (e _ o oan) | oemp
oy X n Ix 3y Jy X eOBZ

Therefore, V x j cannot be large except where p is large or the plasma density
varies rapidly at right angles to the current flow. Both conditions are met near
the edge of the plasma. Nearly all of the current flow is therefore adjacent to
the plasma boundary.

To find which edge supports the current we shall presume a "rigid" plasma such as
that sketched in Figure 2-1b, where the plasma density is not perturbed by the
current flow and the Hall field. Assume that each spot emits ions with velocity
uj isotropically into a hemisphere; on taking account of both radial and z
components of velocity, and averaging along the length of the row of spots, one

obtains for the plasma density

n = 1./2eur , (A-7)

r being the cylindrical radius and Ii the total ion current emitted by a Tength 2
of spots (% >> r). The plasma boundary is the plane x = 0, so we expect the
current to be localized in this plane, with jy the greatest component of current.
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At great distances from the origin Eq. (A.6) then yields ‘

Dy = - &j on . —-—Zchluij sgn(y)
oX enz y 3y Ii y

where sgn(y) is the sign of y. Therefore,

jy v eX/G s Y > 0 s (A'8)

. -x/8
“ s <0 ,
J.y e y

§ = If/ZOBZuiQ

A more careful analysis shows that the two solutions for j_ are in fact linked; i.e.,
at great distances the current has the form jr N e‘re/a, where 6 is the angle
measured from the negative y-axis. It follows that the current ts restricted to

a thin skin on the "retrograde" side of the plasma.

The calculated current thickness is very small. A typical plasma conductivity is
of order 3 x 103 Q']cm'1, and the ion velocity Uy is of order 106cm/sec. For a

5kA arc, Ii = ?gOA, on electrodes of diameter 2 = 10cm in a field BZ = 0.05T, one
obtains 6§ = 10 “cm. In practice, the spot density will not be constant along the
row of spots, so j, will not be zero; this introduces an extra term in Eq. (A-6),
and weakens the above derivation. The current thickness will be greater than is
calculated, and the argument has been presented primarily to show in what direction
the current must flow. The actual thickness of the region occupied by the current
has 1ittle effect on the subsequent discussion, provided this thickness is small

compared with the interelectrode spacing.

A-4 THE PLASMA BOUNDARY

Ions initially within the region of current flow on the retrograde side of the

plasma are subject to an intense Hall field accelerating them away from the

cathode. The region occupied by the ions therefore bends upwards away from the

cathode. Since total charge separation must be small, the sheet of electron

current must also bend upwards, as in Fig. A-la and will now intercept the tra-

jectories of ions that were before unaffected by the current. There is a large

Hall field within the region of current flow, and therefore a rapid variation in

potential. The potential must be sufficient to reduce the normal component of

jon velocity to zero, since otherwise ions would penetrate through the boundary .
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‘ and the plasma would extend beyond its presumed limits. After falling to zero,
the normal component of ion velocity is reversed, with the result that the ion is
specularly reflected from the envelope.

(a) (b)

Current / I'e
Shell H

b /,Ion
?
a
Bz
5 \r
(i

o’

Cathode Cathode Plane

Figure A-1. (a) Bending of the retrograde plasma boundary in a magnetic field.
(b) Coordinates used in calculating the plasma envelope.

In this section we shall multiply the ion density by a factor f that is intended

to make allowance for multiple reflections; the factor will be calculated in the
following section. This factor, which really involves momentum changes rather

than densities, can be estimated in the case of a circular boundary as follows.
Ions incident on the surface between 6 and 6 + d8 come after 0,1,2,... reflections;
those that suffer n-1 reflections were originally emitted in the range of angles
between 8/n and 6/n + d6/n, so they are fewer in number by a factor 1/n than those
directly incident, and carry a normal momentum that is less by the same factor.

For small angles and a circular boundary, therefore,

Fazle = ﬁm165
rr g - gl

More detailed calculation shows that, for a circular boundary, f changes from 1.65
to 2.5 as one goes from Tow to high angles of incidence. It will be taken that f
is constant round the boundary, and only its mean value will be calculated.
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The charge density incident on the boundary is given by Eq. (A-7); within the skin .
of current this density must be doubled, since each ion traverses the region twice,

and also we must multiply by the factor f described above. The effective density

within the region of current flow is therefore

n = fIi/euirl . (A-9)
Let an ion emitted at an angle & to the negative y-axis meet the plasma boundary
at an angle a, a distance r from the origin, as in Figure A-1b. If the potential

that accelerates the ion into the plasma is Vis the boundary potential required to
reflect it from the boundary is

_ . 2
Vb = Vi sin"a

The current density within a skin of thickness § is
Jj= Ie/zd
The Hall voltage across the skin is therefore

VH = EHG = JBza/ne = IeBzuir/Iif

On equating this with v, one obtains

r=ory sinza (A-10)

N L
H Ie uiBZ

-

The solution to the equation between r and o is the cardioid
- . 2
r=ry sin 8/2 . (A-11)

The peak height of the envelope is reached at 8 = 120°, and here one has

3 3/2
Xy = (E] Y ~ 0.65 ry - (A-12)

When the plasma reaches this height, it has either intercepted the anode already,
or it must extend tangent to the anode, with electron current crossing the gap
between plasma and anode (see below).

The calculated plasma structure is shown in Figure 2-2. The plasma boundary, given

by Eq. (A-11), is bent in the Amperian direction, and continues parallel with the
anode after the maximum height is reached. Within it lies another calculated .
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curve, the envelope of all first reflections from the boundary. A1l reflections
lie between the outer boundary and the reflection envelope, and give rise to a
dense region adjacent to the boundary. Shown also in Figure 2-2 are contours of
approximately constant density that were obtained by a ray tracing procedure; the
densities chosen are arbitrary, and abrupt changes in density are expected only
at the outer boundary and at the reflection envelope.

A-5 PLASMA HEIGHT AND THRESHOLD FIELD

The greatest height reached by the plasma can be calculated in a manner that is
only weakly dependent on the geometry of the plasma boundary. This calculation
is equivalent to finding the factor f that was introduced in Eq. (A-9).

In most of the plasma the conductivity o is very great. Therefore from Eq. (A-4),
the component of current normal to the cathode is

= -neEy/BZ = -Zen.E /B_ = -p /B

J ity "z y "z °®

X

where py is the ion momentum in the y direction. The total electron current across
any plane is -Ie, so on integrating jx over all volumes up to the greatest height
dH of the plasma one obtains

. 3 o -1 . 3
-fgxdg—ledH-Bz [pyd_r_
Therefore,

dH = Py/IeBz s (A-13)

where ﬁy is the total rate of change of ion momentum. The total radiai momentum
of ions emitted at angles between 6 and o + do is

The geometry of the surface must now be taken into account. Ions traveling
initially at an angle 6 to the y-axis travel at an angle 28 after their first
reflection. The change in y-component of momentum, for first reflections, is
proportional to (cos 6 - cos 26); this form for by holds from ¢ = 8> where
second reflections occur, to 8 = 2n/3, where the surface reaches its maximum
height. However, only ions for which ¢ > 8,y undergo only one reflection on the
rising part of the surface, the value of % being approximately 75°. A1l other
jons undergo two or more reflections and emerge almost parallel with the y-axis;
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for these ions the change in momentum is (1 + cos 6). We find

2T
1.V % 3
p = 21 ! f (1 + cos 6)de +f (cos 8 - cos 260)de
y o 2u,
0 0
0
and hence the plasma height is
A, (A-14)
d, = 1.43 — . A-14
H Ie uiBz

On comparison with Eqs. (A-10) and (A-12), one finds that the numerical factor
corresponds to f = 2.20, which is a reasonable value.

The threshold field Bc for the beginning of arc extinction when the electrode
separation is d0 is the value of B such that dH = do' In the case of Cu, where

vV, = 30v, 7 =2, and I,/1; =11, one finds from Eq. (A-18)

B, = 0.034/d, (A-15)

where d0 is measured in centimeters and Bc in Tesla.

A-6 RAPIDLY RISING MAGNETIC FIELDS

When the plasma is subject to a rapidly rising magnetic field, the boundary of the
plasma contracts fast. The pressure exerted on the ions rises, partly because they
gain in normal momentum through being reflected from a moving surface, and partly
because their momentum must be changed in a shorter time. An approximate analysis
shows that the rate of change of momentum obeys the following rule

() = (001w,

where v is the rate of change of the mean length of the ion trajectories within
the curved part of the boundary, and u'] is the mean reciprocal of the radial com-
ponent of ion velocity, u'] = w/2ui. The length of the cardioid is % dH’ and the
mean ion trajectory is somewhat shorter than this, so we obtain

by(v) ~ ﬁy(o)u + 2dy/u;)
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From Eq. (A-13) one now obtains

B.(B) =B, + 18 , (A-16)
where

Te = 2d0/u1. (A-17)

is the mean time of flight of ions from cathode to anode, and BC is given by
Eq. (A-15)

A-7 CURRENT TO THE ANODE

During extinction the upper plasma boundary must be plane and parallel with the
anode, as sketched in Figure 2-5. 1In the coordinates of Figure A-1 the boundary is

r= dH/sin 8, 6 > 120°

where dH is the peak height of the plasma, which is reached at & = 120°.

The total electron current Ie (6), which flows in a sheath parallel with the anode,
must decrease as 6 increases beyond 120°, hecause a constant current would bend the
surface down away from the anode and the plasma region would become charged. From
the argument leading to Eq. (A.10) we find that the sheath current required to
maintain a stable boundary at dH is given by

. 3
1.(e) =I§ﬂ§9 , 8> 0y = 120°.
sin e]

where I is the total current from a line of spots of length 2.

The decrease in Ie results from a current flowing from plasma to anode. The current
density is

. 4 -
_ ale 3 Io sin’ 6 cos 6

J——-———:—

L3y

. 3
zdo sin e.I

This is a monotonically decreasing function when & > 120°, so the peak value of
J occurs at 6 = 6 = 120°. This peak is

. _33 L
Imax 4 zdo
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A-8 DISCUSSION

The above argument differs from that presented in our final report on Phase I in
that the details of current flow and plasma structure are considered; the plasma
height is calculated directly, rather than being estimated from the mean force on
an ion. This correction is necessary, because the two calculations differ by almost
a factor of three.



Appendix B
CIRCUIT ANALYSIS TO UNDERSTAND
THE MODE 4 TYPE CURRENT OSCILLATIONS
B-1 INTRODUCTION

When we are commutating relatively small currents or operating with a heavily damped
magnetic field, the current in the sealed device is usually forced directly to zero.
This is called a Mode 1 type of commutation and is illustrated in Figure B-1. When the

—Max Slope

B-Trig

Figure B-1. ITlustration of a mode 1 commutation

device is new, or when we are using an oscillating magnetic field and are operating
near the limit of the device, the arc current may fail to fall directly to zero and
the current will subsequently increase. The arc current may then oscillate back
towards current zero with a successful commutation on the second attempt. This is
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called a Mode 4 commutation and is illustrated in Figure B-2. This process may
continue a third time with the current oscillations growing until a commutation is
achieved

B-Trig

Figure B-2. Illustration of a mode 4 commutation

The oscillograms of Figure 2-11 illustrate two experiments where the current was
forced toward zero three times before successful commutation was achieved. These
two oscillograms are not unusual and we have occasionally seen four and five
excursions before successful commutation is achieved. Greater than five excursions
usually leads to a failure.

In Figure 2-11 the current crosses zero after the second excursion and again after
the third excursion. The arc voltage also changes sign. The final commutation



takes place from a negative current. We have analyzed the two oscillograms of
Figure 2-11 with the objective of approaching an understanding of this oscillatory
phenomenon.

B-2 CIRCUIT ANALYSIS USING THE LABORATORY MINICOMPUTER

Figure B-3 shows the equivalent circuit which was used for the analysis. It is
assumed that the current to be commutated, ic’ does not change during the approxi-
mately 300 microsecond period required for final commutation and that the current

<> vV Vacuum| Rp
| d | Device 1
T C

Bl

Figure B-3. Equivalent circuit used for the analysis where i. is the commutated
current, V, is the measured arc voltage, C2 is the parallel capacitance
and iy is Lo be calculated as a function of time.

flowing through Rp is small compared with ic during this period. We are therefore,
interested in the inner circuit comprising the vacuum device, L2, R and CZ' Here

C2 is the parallel capacitance, L2 is the lumped representation of the inductance

of the connecting leads, the measuring shunt, and the capacitor, and R is the lumped
representation of the resistive components of the parallel circuit.

We obtain approximate values for the circuit parameters C2, L2 and R using a simple
procedure. The value of the parallel capacitance, CZ’ is known and is 100uF in
Figure 2-11. The value of L2 was determined by charging capacitor C2 to a Tow
voltage of 6V with the electrodes of the vacuum device separated and with the main
circuit disconnected at point 1 of Figure B-3.
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The electrodes were then closed to initiate a current im in the measuring shunt.
An example of an oscillogram showing 1m under these conditions is shown in
Figure B-4. The current, im,oscillates at a frequency, f, and L2 is determined
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Figure B-4. Illustration of oscillating current in the external circuit, used to
determine L2 = 1.5yH and R = 29 mq.

from the relation:

1
L =2+ f)2c,

The current im decays with time, and this permits calculation of R where:
1.n
R=2fL 1n (i
n+1

)

where in and in+1 are the peak values of im from cycles n and n+l, respectively.

The differential equation for this circuit is

. t
di
- 2 : 1 : -
V, =L g + R, + ¢ j[ i, dt . (B-1)
0./
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We wrote a computer program which numerically integrates Eq. (B-1) using the
parameters R, L2 and C2 obtained by the above procedure and the arc voltages, V
obtained from our laboratory manual digitizer. Figure B-5 is a plot of the arc
voltages from the upper oscillogram of Figure 2-11 obtained from the manual digi-
tizer and used as input to the computer program. These points can be connected by

a
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Figure B-5. Arc voltage from upper oscillogram of Figure 2-11 used as input for
computer program.

straight 1ine segments to reconstruct the arc voltage trace. Figure 2-12 shows a

comparison of the calculated current compared with the measured current (symbols).
Figure 2-13 shows a similar comparison for the lower oscillogram of Figure 2-11.

Examination of Figures 2-12 and 2-13 shows substantial agreement between the circuit
analysis and the measured current. In the case of Figure 2-12 the computer in-
dicates a commutated current of 8.8kA versus 8.6kA measured. Further, prior to

the successful commutation, there are three excursions of current, with each
excursion greater than the previous one. Finally, the calculated curves show that
the current was negative on two occasions. Figure 2-12 shows some disagreement
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as to the time when commutation took place (225us vs 260us) whereas Figure 2-13
shows excellent agreement with the time of commutation (210us). Here the computer
calculated a commutation current of 10.5kA which compares well with the 10.0kA
measured. The arc functions as an oscillator to drive increasing current os-
cillations in the inner circuit of Figure B-3 until successful current commutation
is achieved.
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Appendix C

REGRESSION ANALYSIS TO OBTAIN
AN EMPIRICAL MODEL FOR THE ARC VOLTAGE

C-1 INTRODUCTION

Curve fitting or regression analysis (C-1, C-2) was used to obtain an equation which
represents the arc voltage as a function of important parameters. The resulting eq-
uation or model is useful for future estimation of the current behavior in another
circuit. A model of the arc voltage is useful for predicting the behavior of a
current limiter with a series connected vacuum interrupter, with a saturable iron core
in the circuit, or with some other frequency of oscillation of the magnetic field.

C-2 ANALYSIS

The data used to understand current oscillations in Appendix B are in the form of
arc voltage, Va’ current in the arc, I, and magnetic flux density, B, as a function
of time. If we consider that the arc voltage is the dependent variable and current
and magnetic flux density are the independent variables we can try several forms of
equations to see which best fits the data. The equations which were used are

v, = B0 +BI([B]) +B2 1T , (c-1)
V, = BO + B1(|B]) and (c-2)
v, = Bo(|8])® (C-3)

Equation C-1 was a reasonable fit to the data with a coefficient of detemination,
Rz, of 0.64 and 0.81 of each of the two oscillograms in Figure 2-11. This means
that the use of equation C-1 could account for 64 and 81 percent of the variance.
An equation with R2 = 1 would be a perfect fit to the data. After using equation
C-1 we calculated the partial F statistics (C-1, C-2) for the current and for the
magnetic flux density. The partial f statistics show the effect of each term in
the model as if it were added last. The F statistic for the current was small
indicating that it should be dropped from the model; that equation C-2 is the
better choice. Equation C-2 could account for 54 and 80 percent of the variance;
unfortunately the intercept at B = 0 was negative (a negative arc voltage) and
significant. A negative intercept suggests an equation with curvature such as

c-1



equation C-3 would be a better fit. Taking the logarithm of both sides of C-3
we have

Tog (V,) = Tog(B0) + B1 Tog(|B[)

and we can use linear techniques to determine BO and B1. The form of Eq. C-3 which
fitted the logarithm of the data from the upper oscillogram of Figure 2-11 was

v, = 7.8 x 103 103 (C-4)

and for the lower oscillogram was

v, = 5.4 x 103 gl-1 | (c-5)

a plot of the arc voltage data along with a plot of equations (C-4) and (C-5) are
presented in Figure C-1 and C-2. These equations have the advantage of a zero in-
tercept at B = 0, but they account for only 56 and 69 percent of the variance. A
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Figure C-1. Plot of the arc voltage data from the upper oscillogram in Figure 2-11
showing an early attempt to fit the data with an equation of the form

= B
vy BO (|B])EI.
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Figure C-2. Plot of the arc voltage data from the lower oscillogram in Figure 2-11
showing an ea{1y attempt to fit the data with an equation of the form
v, = Bo(|B])BL.

non-linear regression fit to the data would improve the fit, but the scatter of
the data and the lack of reproducibility from experiment suggested that a simple
approach would be sufficient.

Theory predicts an equation of the form
v, = B0 B . (C-6)

The 82 term can be treated as the dependent variable and linear techniques used to
determine BO. This approach works quite well and the results for the upper
oscillogram of Figure 2-11 are:

v, = 4.6 x 10% g (c-7)

c-3



which accounts for 67 percent of the variance results for the lower oscillogram of ‘
Figure 2-11

4 g2

Va =2.8x10 (c-8)

which accounts for 68 percent of the variance.

A plot of equation C-7 is compared with the data in Figure 2-14,and C-8 is compared
with the data in Figure 2-15.
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Appendix D
DETAILED EXPERIMENTAL RESULTS

D-1 EXPERIMENTAL RESULTS OF PARAMETRIC STUDY USING PROTOTYPES #1 AND #2

D-1.1 Effect on Commutation to 10kA of the Magnetic Field Parameters

The schematic diagram in the upper right hand corner of Fig. D-~1 illustrates the
electrical circuit used for supplying the magnetic field. A capacitor bank Cq

Rate of Change, é

t
Peak

Magnetic Flux Density, B

Time, t -

Figure D-1. Illustration of how magnetic field, B, and B change with time

is initially charged to some voltage, Vo, and at the proper time the switch is
closed allowing the capacitor bank to discharge into the two coils with an inductance
of L3. The two coils are mounted on either side of the vacuum device.

The lower curve illustrates how the magnetic field, B, builds up as a function of
time. It can be approximated (since the resistive component of the circuit is



is small and there is no metal surrounding the vacuum device) by

v .
B = Bmax sin wt

where Bmax is the maximum magnetic field flux density, w is the circular frequency
of the L303 circuit:

w =
/L33

and t is the time. The rate of change of magnetic flux density, B is the derivative

of equation (1) with respect to time:

aon
B = BmaX w €o0s wt

The value of Bmax is directly proportional to the voltage on the capacitors in the
capacitor bank. We have varied B for sealed device experiments in the past, but
this has been accomplished by adjusting the voitage on the capacitor bank, C3.

Unfortunately, Bma is also varied by this procedure.

X
These experiments on two sealed vacuum devices were the first time we had varied

B independently of B We can connect the two capacitors in the capacitor bank

max’
in either series or paraliel or we can connect the coils on either side of the
vacuum interrupter in series or parallel. We can, therefore, vary the ratio w
between émax and Bmax by a factor of four. Table D-1 illustrates the four ways
we can connect C3 and L3 to achieve three different levels of the two parameters
B and the time to the peak B, tpeak'

é, initially large and nearly constant, eventually falls to zero when time, t,

The upper curve of Fig. D-1 illustrates how

reaches tpeak'

Figure D-2 illustrates the performance of prototype #1 with the 11cm diameter
electrodes. The dark symbols represent the Towest failure and the open symbols

are the highest success. We see that the performance increased as B was increased,
consistent with earlier test data. The square symbols correspond with the test
condition of the last line in Table D-1, i.e., 70us to the peak magnetic field. The
circles correspond to the first line of Table D-1, i.e., 280us to the peak magnetic
field. Here the peak magnetic fje]d, émax’ was larger for a given B and the perfor-
mance is superior. Hence, both B and Bmax should be‘1arge to achieve maximum per-
formance. It should be recognized that for a given B, Bmax being Targe corresponds

with a Tong duration magnetic field so that the improved performance with larger

Bmax may well be the result of the Tonger duration of magnetic field. The other
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Figure D-2. Test data from interrupter #1 illustrating that both é and Bmax should
be large to achieve maximum performance, C2 = 50uF, 11cm
electrodes

two conditions described in Table D-1, where the time to peak magnetic field is
the intermediate value of 140us, produced intermediate levels of performance.

Table D-1

MAGNETIC FIELD

Time to
) Max B, Max é, $eak B’us
Capacitance Coils T kT/s _peak,
Parallel Series 0.224 1.35 280
Parallel Parallel 0.224 2.7 140
Series Series 0.224 2.7 140
Series Parallel 0.224 5.4 70
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Prototype #2 equipped with larger, 14cm diameter electrodes exhibited the same be- .
havior when both B and B were varied, although we used fewer combinations of

max
the variables. These data areillustrated in Fig. D-3 where the "Small Bmax" data
correspond to peak magnetic field being achieved in 70us and "Large B___“ data

ma x
correspond to 140us. For all the data in Fig. D-3 the magnetic field coils are

connected in parallel.
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Figure D-3. Test data from interrupter #2 with l4cm dia electrodes, C2 = 50uF

D-1.2 Effect on Commutation of Larger Capacitance and Larger Electrode Diameter

Figure D-4 illustrates how increased parallel capacitance increased the commutation
ability. The slopes of the two curves both suggest the performance is proportional
to the square root of capacitance. The larger electrode diameter of Prototype #2,
14cm, improved the performance. In fact a 22 percent increase of electrode diameter
resulted in approximately a 35 percent increase of performance. The upper line
traces the performance for the larger electrodes at a 20mm gap. At 10.4kA the
greatest capability was achieved at an electrode gap of 20mm. However, when the
device was operating in the vicinity of 6kA with T4cm diameter electrodes, greater
performance was achieved at greater gap. The device diverted 6.2kA at 33mm gap

but only 4.4kA at 20mm gap.
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Figure D-4. Illustration of how increased parallel capacitance and larger electrode
diameter both improve commutating ability

It should be noted that the sealed device with the larger electrode diameter also
had larger envelope diameter. Thus, some of the increased performance could be
associated with the larger envelope. A further note is that the sealed device with
the larger electrodes had quite a considerable arc voltage. We observed a 500V

arc voltage at 10.5kA prior to field application. Prototype #1 with the smaller
diameter electrodes had arc voltages less than 50V at currents up to 6kA. The
large arc voltage of interrupter #2 did not appear to impair the performance.

D-1.3 Effect of External Circuit Inductance

Past experiments and theory both suggest that reduced inductance in the external
circuit will improve performance. The first experiments were conducted keeping

the inductance of the external circuit to a practical minimum. As an example,
copper sheets were used to connect the capacitors to the vacuum device. There

are still ways to reduce inductance of the external circuit, but a reduction to

50% of its present value would be difficult. Rather than spending the time to
accomplish this, we chose to deliberately increase the inductance of the external
circuit. We reasoned that if the performance were relatively unchanged by doubling
the inductance, no major change in commutation performance would be anticipated
from a significant reduction of the inductance. Theory further suggests that the
greatest inductance effect should be observed with the largest parallel capacitance.

D-5



Experimental data when the external circuit inductance was increased are shown in

Fig. D-5. Note that an increase of external circuit inductance by a factor of
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External Circuit Inductance, l..z uH

Figure D-5. Illustration of modest increase of current commutation limit when
C2 = 200uF and L2 is decreased from 1.9uH to 0.9uH

2.1 produced only a modest decrease of current commutation limit. This suggests
that reducing the inductance by half would give only a modest increase of current

commutation limit at 200uF.

Figure D-6 presents data at 50uF where an increase of external circuit inductance
by a factor of 3.4 had no effect. These data suggest that a further reduction of
external circuit inductance would not improve device performance with 50uF of
parallel capacitance. Figure D-6 also shows the effect of larger electrode sep-
aration when the current level is 6kA and the electrode diameter is l4cm. Here,

Targer electrode separation is beneficial.
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Figure D-6. Illustration that current commutation 1imit is not a function of

external circuit inductance, C2 = 50uF

D-2 EXPERIMENTS ON PROTOTYPE #7 WITH A PRELIMINARY ALIGNING MAGNETIC FIELD

The use of an aligning magnetic field was first proposed in the second quarter of

Phase II. The concept was to apply a sub-threshold magnetic field for a short
time (v 100us) followed by a rapidly rising field which extinguishes the arc

with current commutation. The initial aligning field was supposed to position the

cathode spots prior to main field application. This concept was tested in Proto-

type #7 with the fields oriented in the axial direction.

The magnetic field profile was achieved using two power supplies connected to the

same magnetic field coils as shown in Fig. D-7. Power Supply #1 was turned on first,
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Figure D-7. Schematic of magnetic field circuit for aligning experiments
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and the 0.6Q resistor limited the current to provide a sub-threshold magnetic field, ‘
typically 27mT. After a time delay of about 100us, the second power supply was
turned on, and this supplied the oscillating magnetic field to extinguish the arc.

The final magnetic field profile is shown in Fig. D-8.

The experimental objective was to apply an aligning field with a magnitude slightly
below the threshold field. This threshold field is the magnitude of field required
to bend the plasma out of contact with the anode with resulting arc voltage rise

and arc current reduction. It was necessary to establish first the magnitude of
this threshold field, and the initial experiments were therefore conducted with an
Mag netic
Field, B

400 mT

Threshold <33 mT
Field L_ ______
0
100us
:['.I \—/ \/ Time —

Figure D-8. Profile of magnetic field which starts at 27mT and falls to 19mT in
100us when main field of 400mT is applied

aligning field of 33mT. This aligning field was applied without the subsequent
oscillating magnetic field, and caused an arc current reduction when applied to a
5.3kA arc. The aligning field was then reduced to 27mT, and this magnitude of
field did not initiate arc current commutation. Thus the threshold field had a
value between 27 and 33mT which is consistent with Eq. A-15 in Appendix A.

Once the level of the threshold field had been established, the performance of the
device with and without the aligning magnetic field of 27mT was established. Se-
lected data from this series of experiments appear in Table D-2. The parallel cap-
acitor was 50uF in all cases. It will be observed that the aligning field did not
affect the device performance. Further, the commutations were mode 4 with one
mode 1 commutation at 2kA.

We also investigated lower levels of the sub-threshold magnetic field (18 and 22mT)
and shorter duration of the sub-threshold magnetic field (30 vs 100us). However,
neither change improved device performance.
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Table D-2

Selected Data from the Aligning Field Experiments
(the profile of the field is shown in Figure 13)

Experimental Condition
(Aligning field applied?)

Yes
No

B
max

T

0.4
0.4

B
kT/s

7.4
7.4

Mode of
Commutation

Commutation

Highest
Success

4.2
5.3

Limits, kA

Lowest
Failure

5.8
5.7



D-3 EXPERIENCE GAINED WITH SATURABLE REACTORS
D-3.1 Introduction

The method we are pursuing to 1imit fault currents involves a rapid decrease in the
arcing current through the CLD. The desired commutation of this current into the
1imiting impedance can occur only if (1) the arc extinguishes when the arcing
current goes to zero and (2) a deionization time is provided such that the arc

does not reignite during the rising recovery voltage. Most of our experiments have
relied on the transverse magnetic field to provide the deionization time. However,
our data indicate that in many cases at the higher currents the time available for
dejonization apparently is not sufficient and that additional methods should be
considered. One such method, first demonstrated by Greenwood and Lee (Ref. D-1),
uses a saturable reactor to reduce the rate of change of current, dI/dt, as the
current approaches zero. In effect, the amount of plasma in the vacuum gap is
gradually reduced and therefore the deionization time is smaller when the current
zero is reached. More recently Warren, (D-2) has shown that a saturable reactor,
used in this way, can be viewed as a nonlinear impedance which isolates the vacuum
device from reignition voltages during the critical deionization time. Warren
further showed that the saturable reactor can be constructed in a simple manner

by threading cores, wound from a O.1mm strip of silicon steel, onto an insulated
copper rod.

Our first attempt at using silicon steel cores in a CLD circuit produced a negative
result (see Section 4-5.2). Some insights into this failure were gained but we
felt that more experience was needed to judge whether a saturable reactor would
increase the commutation ability of our CLD's. A special circuit was set up for
this purpose as described below.

Figure D-9 shows a current counterpulse circuit which we used to explore the prop-
erties of the saturable reactor Ls' The circuit current, 11, was generated in the
usual way by discharging capacitor C1 through the inductors L], LS and a standard
vacuum interrupter VI. The counterpulse current, 12, was generated by discharging
capacitor C2 by means of switch 52 which was an ignitron in this case. The
counterpulse current was applied at the current crest of I]. Since L1 >> L2, almost
all of the counterpulse current flows through VI and Ls in the opposite sense to
I]. With the proper choice of initial charging voltage on the capacitor G the
current It can be forced to zero and the arc in VI can be extinguished. The
current I, is thus commutated into Cy which charges in the opposite direction and
provides a recovery voltage across VI.
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Figure D-9. Current counterpulse circuit used to explore the properties of the
saturable reactor, LS

D-3.2 Experimental Results and Discussion

A direct test was made of the saturable reactor by observing the waveform of the
counterpulse current alone. Capacitor C2 was charged to about 2kV with the contacts
of the vacuum interrupter remaining closed, and the resulting oscillatory current
was recorded by means of the current viewing resistor, CVR. Figure D-10a shows the

Currentl, g

2kAIDY g

Current 1

2RADI

Figure D-10. Current I prSdUééd>by”d{$cha}§ihg Eapaéitahée C, through inductor
L, and cl6sed V.I. when (a) L_ was shorted out, and (b) L, was a
part of the resonant circuit



current I, when L, was shorted out of the circuit. A decaying oscillatory current
is seen having a half period of about 100usec. With LS in the circuit, the observed
waveform is shown in Fig. D-10b. Note that the first half cycle was not affected

by the presence of Ls. However, as the current approaches a low value, an abrupt
decrease in dI/dt takes place that lasts for about 40usec. Since the voltage on

the capacitor, CZ’ was about 2kV at this time, the now unsaturated L exhibits a
flux change, A ¢ = V A t, of (2 x 103V) (40 x 1076 sec) = 0.08 V-sec or 0.08 Webers.
This agrees well with the value calculated for the mass of iron used. When the

iron became saturated the current again oscillated for a half cycle followed by a
stightly Tlonger dwell time since the voltage on 02 was now somewhat smaller. This

behavior continued as the current decayed.

Two questions are raised by the oscillograms of Fig. D-10. First, the upper and
lower traces of Fig. D-10b do not agree in all details of the current behavior
around current zero. This is because the upper trace was recorded differentially
while the lower trace was recorded single ended. Second, the current traces show
a good deal of harmonic distortion following the first half cycle. The reason for
this distortion should be investigated in future experiments.

Figure D-11 shows the effect of the saturable reactor under current counterpulse

Current IT

Time, 50 us/Div

ZAY

Figure D-11. The effect of the saturable reactor under current counterpulse con-
ditions with VI closed; the current is held near zero for about

50usec

conditions. Again the contacts of the vacuum interrupter remained closed. A
circuit current of 4kA was generated by discharging capacitor Cy- At time (1)
the switch S2 was closed and current 12 flowed counter to I1 in Ls' A current
zero was produced at time (2). From time (2) to (3) the saturable reactor remained



in its unsaturated state and produced a dwell time of about 50usec. At time (3)
the iron cores came out of saturation and an oscillatory current followed. The
50nsec dwell time agrees with calculations based on a flux change of 0.08 Webers.

Figure D-12 shows an oscillogram of a 7kA current through the arcing VI that was

v
VI 11 KV
0
I;
: 7 kA Time, 50 us/Div

Figure D-12. An arcing current in VI of 7kA was counterpulsed to zero in about
30usec; the recovery voltage across the vacuum interrupter reaches
a peak of 11kV

counterpulsed to zero in about 30usec. The saturable reactor was in the circuit
for this test. Currents as high as 20kA were successfully forced to zero, with
current commutation into the parallel capacitor, using this same circuit.

D-3.3 Conclusions and Recommendations

The results discussed above show that a saturable reactor could be beneficial for
increasing the commutation Tlimits of our CLD's. The main benefits are (1) a much
lower dI/dt as the current approaches zero (2) an increased dwell time that should
allow the deionization of the arc plasma and (3) an impedance to hold off, tempor-
arily, circuit voltages prior to current zero. These benefits should be available
in our Mode 4 type of commutation each time the current is forced to a current

zero by the action of the oscillating transverse magnetic field. Some disadvantages
exist however. The added inductance of the saturated cores, while only a few
microhenries, will decrease the resonant frequency of the external circuit and
might require the use of a lower frequency for the oscillating magnetic field.

This in turn might mean a B Tower than optimum. Further, in a practical current
Timiter, the effect of an in-line saturable reactor on the continuous through
current would have to be considered. This could represent an energy loss, and also
distort the current waveform.
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